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REMARKS 

Reconsideration is requested. 

Claims 1-42, 44, 48-51, 59, 60, 62, 67 and 79 have been canceled, without 
prejudice. Claims 43, 45-47, 52-58, 61, 63-66 and 68-78 are pending. 

Support for revised claims 68 and 77 can be found throughout the specification. 
Specifically, for example, the applicants believe the revisions are supported by page 1 1 , 
line 25 to page 12, line 6 of the specification. No new matter has been added. 

The allowance of claims 43, 45-47, 53-58, 61 and 64-66 is acknowledged, with 
appreciation. See page 1 of the Office Action dated April 18, 2007. 

A further copy of the previously-listed documents is attached herewith. The PTO 
fee for consideration of the references is also attached. The Examiner is requested to 
return a completely initialed copy of the previously-filed PTO 1449 Form listing the 
references, pursuant to MPEP § 609, as acknowledgement of the consideration of the 
references. 

The Rule 75 objections to claims 51 and 62 are moot in view of the above. The 
applicants believe Rule 75 objections of claim 52 and 61 are obviated by the above 
amendments. Withdrawal of the objections is requested. 

The Section 112, second paragraph, rejection of claims 48-50 is moot in view of 
the above. 

The Section 112, second paragraph, rejection of claims 68-78 is obviated by the 
above amendments. Specifically, claim 68 recites that a pre-adipocyte cell according to 
claim 61 is prepared by introducing into a pre-adipocyte cell a recombinant nucleic acid 
comprising a region coding a REV ERB ALPHA receptor comprising SEQ ID NO:4 and 
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one or more transcriptional regulatory regions. Claims 76 to 78 further define the 
transcriptional regulatory regions. Claim 78 defines a transcriptional regulatory region 
that comprises sequence SEQ ID NO:1 or a fragment thereof comprising at least SEQ 
ID NO:2. The claims are submitted to be definite and withdrawal of the Section 1 12, 
second paragraph, rejection of claims 68-78 is requested. 

The Section 112, first paragraph "enablement", rejection of claim 51 is moot in 
view of the above. 

The Section 112, first paragraph "enablement", rejection of claim 52 is believed 
to be obviated by the above amendments, based on the Examiner's comments on page 
6 of the Office Action dated April 18, 2007. Reconsideration and withdrawal of the 
Section 112, first paragraph "enablement", rejection of claim 52 is requested. 

The Section 112, first paragraph "written description", rejection of claims 44, 48 
and 49, is moot in view of the above. 

The Section 112, first paragraph "written description", rejection of claim 51, is 
moot in view of the above. 

The claims are submitted to be in condition for allowance and a Notice to that 
effect is requested. The Examiner is requested to contact the undersigned, preferably 
by telephone, in the event anything further is required to place the application in 
condition for allowance. 
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Respectfully submitted, 
NIXON & VANDERHYE P.C. 



By: IB. J. Sadoff/ 

B. J. Sadoff 
Reg. No. 36,663 

BJS: 

901 North Glebe Road, 11th Floor 
Arlington, VA 22203-1808 
Telephone: (703) 816-4000 
Facsimile: (703)816-4100 
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USE OF REV-ERB FAMILY OF RECEPTORS IN SCREENING 

The present invention relates to the use of 
receptors of the Rev-erb family to screen substances 
which are useful in the treatment of lipid metabolism 
dysfunctions associated in particular with 

apolipoprotein C-III. The invention relates more 
particularly to screening methods for selecting 
substances which are useful for the treatment of these 
dysfunctions. Lastly, the invention relates to the use 
of the substances thus identified for the preparation 
of therapeutic compositions which are useful for the 
treatment of lipid metabolism dysfunctions associated 
with apolipoprotein C-III, such as, for example, 
atherosclerosis. The subject of the present invention 
is also the use of screening tests for the 
characterization, - justification and claim of the 
mechanism of action of substances possessing anti- 
atherosclerotic properties using the Rev-erb receptors 
and/or the response elements thereof, as well as their 
effect on apo C-III. 

Apolipoprotein C-III, referred to hereinbelow 
as apo C-III, is a glycoprotein of 79 amino acids 
synthesized in the liver and, to a lesser extent, in 
the intestine. It plays a major role in the metabolism 
of the plasma triglycerides. In point of fact, the 
plasma ' concentrations of apo C-III are positively 
correlated with the plasma levels of triglycerides, 
both in the normal population and in 
hypertriglyceridaemic patients (1-4) . Furthermore, the 
relative distribution of apo C-III with respect to the 
other classes of lipoproteins appears to be large: an 
increase in the concentration of apo C-III in particles 
which contain apo B (apo C-III-LpB) is associated with 
an increased risk of cardiac or coronary diseases (5) . 
Several lines of evidence link apo C-III with the 
catabolism of plasma triglycerides. 
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A deficiency in apo C-III is reflected by an 
increase in the catabolism of the very low density 
particles (VLDL) , whereas an increase in the synthesis 
of apo C-III appears in hypertriglyceridaemic patients 
(6, 7) . 

Furthermore, genetic studies have revealed the 
relationship existing between certain polymorphisms of 
the apo C-III gene and high concentrations of 
triglycerides and of apo C-III in the plasma (8, 9) . 

Lastly, the overexpression of human apo C-III 
in transgenic animals was reflected by the development 
of hypertriglyceridaemia, whereas the deletion of the 
endogenous apo C-III gene by homologous recombination 
in mice led to a decrease in the plasma concentration 
of apo C-III and to protection of the animal against 
postprandial hypertriglyceridaemia (10, 11).. 

The results of studies carried out in vivo and 
in vitro indicate that apo C-III acts mainly by 
retarding the catabolism of triglyceride-rich 
particles, either by inhibiting their binding to the 
surface of the endothelium and the subsequent lipolysis 
with the lipase lipoprotein, or by interfering with the 
clearance of the residual particles (remnants) which is 
ensured by the apo E receptor (12-16). 

Lastly, the importance' of apo C-III in the 
metabolism of lipoproteins is also suggested by the 
observation of several characteristics of combined 
familial hyperlipidaemia (large amounts of VLDL and LDL 
associated with early cardiac and coronary diseases) in 
the descendants of crosses between mice whose low 
density particle (LDL) receptor gene has been removed 
by homologous recombination and mice which overexpress 
the human apo C-III gene (17) . 

The Rev-erb nuclear receptors form a subfamily ■ 
of orphan nuclear receptors encoded by at least three 
different genes, Rev-erba (earl) , Rev-erbp (BD73, ear4 , RVR) 
and HZF-2 (Rev-erby) (18-25), the natural ligands of 
which are currently unknown. The mRNA coding for the 
Rev-erba nuclear receptor is expressed in many tissues, 
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particularly in muscle, brown adipose tissue and the 
brain (26) . Expression of the Rev-erbcc gene is induced 
during adipocyte (26) and myocyte (53) differentiation 
and in the liver in response to a chronic treatment 
with fibrates (59). This expression also appears to 
follow a circadian rhythm (55) . The two genes Rev-erbp 
and Rev-erby are expressed in particular in the brain 
(22, 25). Rev-erba and Rev-erbp" can bind as monomers to 
a response element consisting of a half-site PuGGTCA 
preceded by an A/T-rich region of 5 base pairs 
(A/T-A-A/T-N-T-A/G-G-G-T-C-A) (28, 21). A dimeric 
binding of Rev-erba on a direct repetition of two 
AGGTCA half-sites separated by two base pairs and 
preceded by an A/T-rich region has also been described 
in vitro (29) . The crystallographic structure of the 
complex formed from the DNA binding domain of Rev-erba 
with the direct repetition of the two AGGTCA half-sites 
has been described (54). In contrast with what had 
initially been described (28), it appears that the 
nuclear receptors of the Rev-erb subfamily repress the 
transcription (29, 20). Several physiological targets 
of Rev-erba have been identified to date: the oncogene 
N-myc (30), the rat apo A-I gene (27), the human 
'■ hRev-erba nuclear receptor itself (31) and the 
transcription factors myoD and myogenin (53) . 

The studies by the Inventors have shown that 
the Rev-erb receptors are negative regulators of 
transcription of the apo C-III gene. These receptors 
are thus capable of repressing the transcription of the 
apo C-III gene which is associated with the development 
of hypertriglyceridaemia and hyperlipidaemia . 

The present invention thus relates to the use 
of Rev-erb receptors and/or one of the response 
elements of these receptors or a functional equivalent 
thereof to screen substances which are useful in the 
treatment of lipid metabolism dysfunctions. In 
addition, the present invention relates to the use of a 
screening process for the characterization, 
justification and claim of the mechanism of action of 
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substances possessing anti-atherosclerotic properties 
using the Rev-erb receptors and/or the response 
elements thereof, as well as to their effect on apo 
C-III. 

For the purposes of the present invention, the 
term "Rev-erb receptor" denotes all the a, p and y 
isoforms of the Rev-erb family. 

The expression "functional equivalent of 
Rev-erb" means any protein possessing both: 

- a ligand binding site having a selectivity 
which is comparable to that of Rev-erb for a given 
ligand thereof, 

and O 

- a DNA binding site which recognizes the same 
response element as Rev-erb or a response element which 
has a similar nucleic acid sequence. 

The expression "functional equivalent of 
Rev-erb" also means a chimeric protein which has: 

- a ligand binding site having a selectivity 
which is comparable to that of Rev-erb for a given 
ligand thereof, 

and 

- a DNA binding site which recognizes a 
response element of a reporter gene, or a protein 
domain which allows the ready purification of the 
chimera and its specific binding to defined matrices C. ; 
such as, for example, maltose binding protein (MBP) or 
glutathione-S-transferase (GST). The latter type of 
chimera has often been used (53) . It has the advantage 

of allowing purification of the protein in one step by 
means of an affinity column or of specifically 
separating out this protein by means of simple 
procedures which are well known to those skilled in the 
art (coupling to beads or resins, elution with maltose 
or glutathione, etc.). 

The expression "functional equivalent of the 
Rev-erb receptor response element" means any nucleic 
acid sequence onto which the Rev-erb receptor can bind 
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and more particularly a sequence derived from the 

Rev-erb receptor response element. 

The hRev-erba receptor, the hRev-erba messenger 

RNA and the hRev-erba receptor response element are 

more particularly preferred in the implementation of 

the invention. 

A subject of the present invention is thus a 
first type of process for screening substances which 
are useful in the treatment of lipid metabolism 
dysfunctions, which consists in placing the test 
substance in contact with a receptor of the Rev-erb 
family and/or a Rev-erb receptor response element, 
and/or a nuclear factor capable of functionally 
coupling Rev-erb to the RNA-polymerase complex, or a 
functional equivalent thereof, and then in measuring by 
any appropriate means : 

- the binding of the said substance to the 
Rev-erb receptor and/or its functional equivalent or 
the binding of the complex formed from the said 
substance and the Rev-erb receptor to its response 
element and/or to a nuclear factor capable of 
functionally coupling Rev-erb to the RNA-polymerase 
complex, 

and/or 

- the modulation of the transcriptional 
activity of a gene placed under the control of a 
promoter comprising the said response element. 

Measurement of the binding of the substance to 
the Rev-erb receptor and/or to its functional 
equivalent or the binding of the complex formed from 
the said substance and the Rev-erb receptor to its 
response element can be performed by any direct or 
indirect method known to those skilled in the art, such 
as methods using a reporter gene, binding tests, etc. 

Similarly, measurement of the modulation of the 
transcriptional activity of a gene placed under the 
control of a promoter comprising the Rev-erb response 
element can be performed by any direct or indirect 
method known to those skilled in the art. 
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In order to specify the usefulness of the test 
substance in the treatment of lipid metabolism 
dysfunctions, the process of the invention comprises an 
additional step directed towards determining, by any 
appropriate means, the effect of the said substance on 
the expression of apo C-III. The determination of the 
effect of the test substance on the expression of apo 
C-III can be performed by any direct or indirect method 
known to those skilled in the art, such as a 
transfection or an mRNA analysis in vitro and on models 

in vitro and in vivo. 

A first example of a screening process 
according to the present invention comprises the 

following steps: 

a) a host cell is transfected with a DNA 
fragment coding for a Rev-erb receptor or a functional 

equivalent thereof, 

b) the host from step (a) is cotransf ected 
with a construct comprising a response element of the 
said Rev-erb receptor and at least one reporter gene, 

c) the expression of the reporter gene in 
the presence of the test substance is measured by any 

appropriate means. 

The response element used in step (b) may 
consist, for example, of the proximal fragment of the 

apo C-III promoter. 

Any reporter gene which allows measurement of 
the activity of nuclear receptors on the sequence 
comprising their response element can be used in the 
screening process according to the invention. Among 
these, mention may be made, for example, of the 
chloramphenicol acetyltransf erase (CAT) gene, the 
luciferase gene from luciole (Luc) or from Renilla 
(Ren), the secreted alkaline phosphatase (SAP) gene or 
the p-galactosidase (P-Gal) gene. The activity of the 
proteins encoded by these genes can also be easily 
measured by conventional methods and makes it possible 
to know the effect of the nuclear receptors on the 
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expression of the genes by measuring the amount of 
proteins produced or their enzymatic activity. 

The action of the Rev-erb receptors, and more 
particularly of the hRev-erba receptor on the apo C-III 
gene reported by the Inventors makes it possible, of 
course, to use the Apo C-III gene as a reporter gene in 
the constructs of the invention and the screening 
processes using them. 

In the screening process of the invention, the 
term "host cell" means any cell type adapted to the 
expression of the above genes, such as, in particular, 
mammalian cells, bacteria or yeasts, or alternatively 
insect cells. Needless to say, the vectors used are 
adapted to the type of cell transfected; mention may be 
made of plasmids, viruses or artificial chromosomes. 

Another example of this first type of screening 
process according to the invention comprises the 
following steps: 

a) a plasmid is created which comprises several 
copies of a response element recognized by Rev-erb, 
such as, for example, a site RevDR2 of the Rev-erba 
promoter (31), the consensus site described by M. Lazar 
(28, 29), or the Rev-erb response element (s) identified 
in the apo C-III promoter. These copies of the response 
element are cloned upstream of a heterologous strong 
promoter such as the thymidine kinase promoter of the 
herpes simplex virus, or a homologous strong promoter 
such as the apo C-III promoter. This promoter is itself 
arranged so as to control the expression of a reporter 
gene such as lucif erase, CAT, alkaline phosphatase or 
p-galactosidase, 

b) the construct from step (a) is transfected 
into cells which express Rev-erb naturally or arti- 
ficially, i.e. after transient cotransf ection of an 
expression vector or creation of a stable line which 
expresses Rev-erb, and 

c) the host from step (c) is incubated in the 
presence of the test substance, 
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d) the activity of the reporter gene is 
measured by any appropriate means. 

The revDR2 sites are Rev-erb response elements 
onto which the receptor binds as a dimer to modulate 
the transcriptional activity of the gene placed 
downstream. These sites can be used to sensitize a 
heterologous promoter to Rev-erb. 

An additional example of this first type of 
process comprises the following steps: 

a) a plasmid is created which comprises several 
copies of a response element recognized by Rev-erb, 
which are cloned upstream of a strong promoter which 
controls the expression of a suicide selection gene 
such as, for example, the activator of a toxic prodrug 
such as herpesvirus thymidine kinase (48), 

b) the construct from step (a) is transfected 

into a host cell, 

c) the host from step (b) is cotransf ected 
using a vector which expresses Rev-erb, and 

d) the host from step (c) is incubated in the 
presence of the test substance, 

e) the cell survival in the presence of the 
toxic prodrug is measured by any appropriate means. 

The -toxic prodrug may be, for example, 
ganciclovir. 

Yet another example of this first type of 
process comprises the following steps: 

a) a plasmid is created which comprises several 
copies of a response element recognized by the yeast 
nuclear factor Gal4, which are cloned upstream of 
strong promoter, such as the thymidine kinase promoter 
of the herpes simplex virus, which controls the 
activity of a reporter gene such as luciferase, CAT, 
alkaline phosphatase, p-galactosidase, growth hormones, 

etc . , 

b) the plasmid of a chimera is created which 
comprises the DNA binding domain of Gal4 (4 9) and the 
DEF domains of Rev-erb which are the Rev-erb domains to 
which the ligands bind, 
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c) the plasmids obtained in steps (a) and (b) 
are cotransf ected into a host cell, and 

d) the host from step (c) is incubated in the 
presence of the test substance, 

e) the activity of the reporter gene is 
measured by any appropriate means. 

The DEF domains of the nuclear receptors 
diverge between various members of this family. They 
comprise sequences involved in transactivation of the 
transcription and binding of the ligands and cof actors. 
The DEF domains of .Rev-erb are combined with the Gal4 
fragment which contains the first 147 amino acids of 
^ Gal4 to create a chimera Gal4-Rev-erbDEF which binds to 

the Gal4 response element and whose transcriptional 
activity depends on the Rev-erb ligands and/or 

cofactors (29) . 

The basal activity of the chimera can be 
increased by inserting a DNA fragment which codes for 
all or part of the protein VP16 (50). 

The first type of screening process can also be 
implemented in the following way 

a) a plasmid is created which comprises several 
copies of a response element recognized by the yeast 
nuclear factor Gal4, which are cloned upstream of a 
strong promoter which controls the expression of 

C ' suicide selection gene, as explained above, 

b) a chimera is created which comprises the DNA 
binding domain of Gal4 and the DEF domains of Rev-erb, 

c) the plasmids obtained in steps (a) and (b) 
are cotransf ected into a host cell, and 

d) the host from step (c) is incubated in the 
presence of the test substance, 

e) the cell survival in the presence of the 
toxic prodrug is measured by any appropriate means. 

An additional example of this first type of 
screening process consists of the quantitative evalua- 
tion of the effects of the test compounds in systems of 
"double hybrid" type in yeasts or other cells which 
comprise the Rev-erb fragments which interact with 
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cofactors and the corresponding fragments of the 
cofactors (e.g.: RIP13a, RIP13dl (51), N-COR (52) or 
optionally SMRT and P300/CBP) which couple Rev-erb to 
the transcriptional machinery and in particular to the 
RNA-polymerase complex. 

Another example of the first type of screening 
method according to the invention consists in quantita- 
tively evaluating the effects of the test compounds on 
the in vitro capacity for interaction between the 
entire hRev-erba protein or some of its fragments and 
cofactors or some of their fragments by any technique 
known in the prior art (for example by the CARLA 
approach developed for PPAR ligand screening (45), a ^ 
method by measurement of the resonance fluorescence 
energy transfer) . 

A final example of the first type of screening 
process according to the invention consists in trans- 
forming a host cell as defined above, with a construct 
bearing a gene coding for the Rev-erb receptor or a 
functional equivalent thereof and/or a Rev-erb receptor 
response element, and then in using the said host cells 
or extracts thereof in * binding" tests based on the 
competitive displacement between a cold ligand and a 

labelled ligand. 

A subject of the present invention is also a 
second type of process for screening substances which (_ 
are useful in the treatment of lipid metabolism 
dysfunctions, which consists in determining the effect 
of the test substance on modulation of the expression 
of Rev-erb. 

One example of a screening process based on 
measuring the modulation of the expression of Rev-erb 
consists in directly evaluating the effect of compounds 
on the cell accumulation of mRNA coding for Rev-erb by 
in situ hybridization (Amersham technique) , RPA, 
quantitative or semi-quantitative RT-PCR, dot blotting 
or Northern blotting. 

A second example of determination of the 
modulation of the expression of Rev-erb consists in 
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measuring the effect of the test substance on the cell 
expression of the Rev-erb protein by immunocyto- 
chemistry, ELISA or Western blotting. 

An additional example of this second type of 
process consists in indirectly evaluating the activity 
of the Rev-erb gene promoter. This process comprises 
the following steps: 

a) a plasmid is created which comprises the 
Rev-erb gene promoter (31) cloned upstream of a 
reporter gene such as a luciferase, CAT, alkaline 
phosphatase, p-galactosidase, growth hormone, etc. gene 
or a selection gene such as a gene for resistance to an 
antibiotic or to a conversion enzyme of a non- 
metabolizable precursor, 

b) a host cell is transfected, 

c) the test substance is introduced, 

d) the activity of the reporter gene or the 
cell survival is measured by any appropriate means. 

The Rev-erb promoter controls " the expression of 
the Rev-erb gene and in particular contains a Rev-erb 
response element responsible for self -inhibition of the 
transcription of the gene. Constructs comprising frag- 
ments of this promoter are available to characterize 
the factors involved in modulation of the expression of 
this gene. 

An additional example of a process for measur- 
ing the modulation of Rev-erb expression consists 'in 
measuring the activity of the endogenous promoter of 
the Rev-erb gene. This process comprises the following 
steps : 

a) a plasmid is created which comprises several 
copies of a response element recognized by Rev-erb, 
which are cloned upstream of a strong promoter which 
controls the expression of a suicide selection gene 
such as an activator of a prodrug such as the 
herpesvirus thymidine kinase, or a reporter gene, 

b) the construct obtained in step (a) is 
transfected into a host cell, 
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c) a stable cell line which expresses this 
construct and which expresses hRev-erba is established, 
and 

d) the host from step (b) or (c) is incubated 
in the presence of the test substance, 

e) the cell survival in the presence of the 
toxic prodrug or the activity of the reporter gene is . 
measured by any appropriate means. 

A subject of the present invention is also 
substances selected by a screening method according to 
the present invention, as well as the use of these 
substances for the preparation of a composition, in 
particular a pharmaceutical composition, which 
represses the expression of apo C-III and is thus 
intended for the treatment of lipid metabolism 
dysfunctions in man or animals. Compounds possessing 
such properties are selected on the basis of their 
capacity to repress the expression of apo C-III, and 
can be ligands of Rev-erb or of Rev-erb analogues, the 
properties of which are demonstrated either directly 
from the level of expression of the apo C-III, or by 
means of the expression of a reporter gene, or 
alternatively by their capacity to form a complex with 
the Rev-erb receptor. 

The invention thus relates more generally to 
the use of a substance which is capable of modulating C 
the expression of apo C-III for the preparation of a 
composition, in particular a pharmaceutical com- 
position, . which is useful for the treatment and/or 
prevention of lipid metabolism dysfunctions associated 
with apolipoprotein C-III in man or animals. 

More particularly, the invention relates to the 
use of a substance which is capable of binding to the 
Rev-erb receptor or to a response element . thereof, for 
the preparation of a pharmaceutical composition which 
is useful. for the treatment and/or prevention of lipid 
metabolism dysfunctions in man or animals. 

The invention also relates to the use of a 
substance which is capable of modulating the expression 
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of the gene coding for the Rev-erb receptor for the 
preparation of a composition, in particular a pharma- 
ceutical composition, which is useful for the treatment 
and/or prevention of lipid metabolism dysfunctions 
associated with apolipoprotein C-III in man or animals. 

Among the lipid metabolism dysfunctions asso- 
ciated with apolipoprotein C-III in man or animals, 
mention may be made of hyperlipidaemia , complications 
associated with diabetes, obesity, syndrome X, or 
resistance to insulin and cardiac and coronary 
diseases . • 

A subject of the present invention is also the 
use of a screening process as described previously in 
the present patent application for the characteriza- 
tion, justification and claim of the mechanism of 
action of substances possessing anti-atherosclerotic 
properties, using the Rev-erb receptors and/or the 
response elements thereof, as well as their effect on 
apo C-III. 

Other advantages and characteristics of the 
invention will emerge from the examples which follow, 
describing the modulation of the expression of human 
apo C-III by the hRev-erba receptor. 



C 



I. METHODS 

1 . Cell culture 

The line HepG2 (human hepatome) is from the 
E.C.A.C.C. (Porton Down, Salisbury, UK), while the RK13 
(rabbit kidney) cells were provided by C. Lagros 
(laboratory of Prof. Stehelin) . These lines were main- 
tained under standard culture conditions (Dulbecco' s 
modified Eagle's minimum essential medium, supplemented 
with 10% foetal calf serum, incubation at 37°C in a 
humid atmosphere of 5% C0 2 /95% air) . The culture medium 
is changed every two days. 
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2 . Construction of the recombinant plasmids ' 
The activity of the promoter for the apo C-III 
gene was studied according to the standard techniques 
of the art using reporter genes. The constructs 
-1415/+24WT-CAT and 198/+24WT-CAT, which comprise 
fragments of the promoter for the human apo C-III gene 
which were cloned upstream of the CAT reporter gene, 
have been described previously (56) . In order to 
exchange the CAT reporter gene of these constructs with 
the Luc+ reporter gene, the luciferase reporter gene 
Luc+ of the reporter vector pGL3 (Promega) was excised 
by the enzymes Sac I and BamH I and subcloned into the 
corresponding sites of the vector pBKCMV (Stratagene) Q 
to form the vector pBKCMV-Luc+ . The CAT reporter gene 
of the construct -1415/+24WT-CAT was excised by the 
enzymes Kpn I and BamH I. Next, it was replaced with 
the Luc+ reporter gene obtained by digestion of the 
plasmid pBKCMV-Luc+ by the enzymes Bgl II and Kpn I to 
create the plasmid -1415/+24WT-Luc+ . This was digested 
with the enzyme Pst I and self-religated to produce the 
construct -198/+24WT-Luc+ . The plasmid -1415/+24WT-Luc+ 
was digested with Hind III to excise the apo C-III 
promoter. The DNA fragment obtained was then inserted 
into the Hind III site of the plasmids pGL3 (Promega) 
and pSL301 (Pharmacia) to create the constructs 
-1415/+24WTpGL3 and -14 15/ + 24WTpSL301 . The orientation (,„■ 
of the insert was defined by sequencing. The construct 
-198/+24WTpGL3 was obtained by digesting the construct 
-1415/+24WTpGL3 with Pst I and religation. The 
construct -1415/+24WTpSL301 was partially digested with 
the enzyme Eco 01091 and self-religated to create the 
construct -108/+24WTpSL301. The fragment -108/+24 of 
the apo C-III promoter was excised from this construct 
by the enzymes Xma I and Hind III and cloned into the 
corresponding sites of the vector pGL3 to create the 
construct -108/+24WTpGL3 . The fragment -82/+24 of the 
human apo C-III promoter was amplified by PCR using the 
construct -1415/+24pGL3 as matrix by means of the 
primers hCIIIF33 and 512. The product obtained was 
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digested with the enzymes Sac I and Hind III and cloned 
into the corresponding sites of the plasmid pGL3 to 
give the construct -82/ + 24WTpGL3 . To produce the 
construct -64 /+24WTpGL3 , the construct -1415/+24pGL3 
5 was digested exhaustively with the enzyme BstX I, made 
blunt by treatment with the Klenow fragment of DNA 
polymerase, digested with the enzyme Sma I and self- ■ 
religated. To create the construct -62/+24WTpGL3, the 
construct -14 15/+2 4WTpSL301 was digested exhaustively 
10 by the enzyme Eco 01091, made blunt by treatment with 
the Klenow fragment of DNA polymerase and self- 
religated. The fragment -62/ + 24 of the apo C-III 
promoter was then excised from this construct with the 
enzymes Xma I and Hind III and cloned into the 
15 corresponding sites of the vector pGL3. The point 
mutants of the apo C-III promoter -1415/+24TaTaKOpGL3 , 
-198/+24TaTaKOpGL3 and -82/+24TaTaKOpGL3 were obtained 
using the " quick change site directed mutagenesis kit" 
(Stratagene) according to the manufacturer's 
20 instructions, using the oligonucleotides 

hCIIIF29/hCIIIR29 and the corresponding wild-type 
constructs as matrix. 

Table 1 collates the sequences of the oligo- 
nucleotides used. 
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The plasmid Tk-Luc+ was constructed by insert- 
ing the Luc+ reporter gene, obtained by digesting the 
plasmid pBKCMV-Luc+ with the enzymes Bgl II and Kpn I, 
into the vector pBLCAT4 (32) cleaved with Bgl II and 
5 Kpn I, in place of the CAT reporter gene. The construct 
(RevDR2) 3x TkLuc+ (given as RevDR2TkLuc+ in Figure 12b) 
was obtained by exchanging the CAT reporter gene of the 
corresponding construct with the Luc+ reporter gene 
(Bgl II/EcoR I digestion) . The corresponding CAT 
10 construct was obtained by the strategy described 
previously (57) using the oligonucleotides 1129 and 
1142 (Table 1) . The plasmid pTkpGL3 was constructed by 
(.. } PGR amplification of the fragment of the thymidine 

kinase promoter of the herpes simplex virus which is 
15 -present in the plasmid pBLCAT4 , using the primers 514 
and 510 (Table 1) . The PCR fragment obtained was then 
digested with the enzymes Bgl II and Hind III and 
inserted into the corresponding sites of the vector 
pGL3. The constructs (-58/-27) ex TkpGL3 and 

20 (-47/-79) i x TkpGL3 were obtained according to the 
strategy described previously (57) using the oligo- 
nucleotides hCIIIF15/hCIIIR15 and hCIIIF17 /hCIIIR17 , 
respectively. The intermediate constructs in the vector 
pic20H were digested with the enzymes Sal I and Xho I. 
25 The inserts obtained were then cloned into the Xho I 
site of the vector TkpGL3 and their orientation defined 
by seguencing. In order to insert, in a single step, 
several oriented copies of DNA fragments liable to 
contain the elements of response to the nuclear 
30 receptors studied according to the strategy described 
previously (57), the construct pTkpGL3 was digested 
with the enzyme BamH I, made blunt by treatment with 
the Klenow fragment of DNA polymerase and self- 
religated (vector TkpGL3BKO) . The constructs 
35 (-33/-16) 3 xTkpGL3, (-33/-16TaTaKO) 3x TkpGL3, 

(-109/-62) lx TkpGL3, (-100/-80) 3x TkpGL3, (-87/-67 ) 3x TkpGL3 
and (-87/-67C3P3'KO) 3x TkpGL3 were obtained by cloning 
into the vector TkpGL3BKO, according to the strategy 
described previously (57), using the oligonucleotides 
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hCIIIF34 and hCIIIR34, hCIIIF35 and hCIIIR35, hCIIIF21 
and hCIIIR21, hCIIIF38 and hCIIIR38, hCIIIF36 and 
hCIIIR36, hCIIIF37 and hCIIIR37, respectively. The 
plasmid pG5TkpGL3 was obtained by inserting 5 copies of 
5 the response element of the yeast transcription factor 
Gal4 (site 17 m) (49) upstream of the Tk promoter in 
the plasmid TkpGL3. 

The plasmids pSG5-hHNF4, pSG5-hRev-erbcc, 
P SG5-cRev-erbp and pCMX-hRORal, allowing the exogenous 
10 expression of the corresponding nuclear receptors, 
being obtained as described previously (25, 31, 34, 
35) . The plasmid pGal4-<|) was constructed by subcloning 
the DNA binding domain of the yeast transcription 
factor Gal4 present in the plasmid pBD-Gal4 
15 (Stratagene) into the Hind III and EcoR I sites of the 
vector pCDNA3. In order to generate the plasmid 
P BDGal4-hRev-erbcxDEF, the plasmid pSG5-hRev-erb<x was 
cleaved with the enzymes Xho I and BamH I and cloned 
into the corresponding sites of the vector pBKCMV. The 
20 plasmid thus obtained was then digested with the enzyme 
Xho I, made blunt by treatment with the Klenow fragment 
of DNA polymerase and digested with the enzyme Spe I. 
This insert was then cloned into the vector pGal4-<|> 
prerestricted with EcoR I, made blunt by treatment with 
25 the Klenow fragment of DNA polymerase and digested with 
Xba I to create the plasmid P Gal4-hRev-erbctDEF. All the 
constructs • were confirmed by seguencing. 

3 . Transient transfection and measurem ent of 
30 activity of the human apo C-III promoter 

The activity of the nuclear receptors was 
measured by standard technigues of reporter 
gene/cotransfection. The DNA was introduced into the 
cells studied by the common technigues available in the 
35 laboratory (calcium phosphate, electroporation, lipo- 
fection, etc.). The vectors pSG5, pCDNA3 and pCMX were 
used as negative controls. In the experiments performed 
using the technigue of precipitation with calcium phos- 
phate, the cells plated out in 60 mm culture dishes 
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were transfected at 50-60% confluence with a plasmid 
mixture which generally comprised, in addition to the 
reporter plasmids CAT, Luc+ or pGL3 (0.5 ug/60 mm dish) 
and the expression vectors pSG5-hRev-erba, pCMX-hRORal 
5 and pSG5-hHNF4 (0.1-1 jag/60 mm dish), 0.1 ug/60 mm dish 
of pCMV-p-gal plasmid (Clontech) used as a control of 
the transfection efficacy (36) . After 5 to 6 hours, the 
cells were washed twice with a washing buffer (0.15 M 
NaCl, 0.01 M sodium phosphate, pH 7.2) and incubated 
10 for 36 hours in fresh culture medium containing 10% 
foetal calf serum. After transfection, the cells were 
lysed and the luciferase and p-galactosidase activities 
were measured according to standard protocols (37) . For 
the experiments performed by lipofection, the cells 
15 were plated out in 24-well dishes at a rate of 10,000 
cells per well and incubated for 16 hours at 37 °C 
before transfection. The cells were then transfected 
for two hours at 37 °C in a serum-free culture medium 
using a cationic lipid. The plasmids (reporter vectors: 
20 50 ng/well; expression vectors: 100 ng/well, 

transfection-efficacy control vectors: pSV-pgal 
(Promega) (50 ng/well) and DNA entrainer (pBluescript 
(Stratagene) added to bring the amount of DNA trans- 
fected to 500 ng/well) were dissolved in serum-free 
25 DMEM supplemented with NaCl (150 mM) , sodium 
bicarbonate (50 mM) and cationic lipid (6 nmol/ug DNA), 
spun down, . incubated for 30 minutes at room temperature 
and added to the cells. After incubation for two hours, 
the cells were rinsed with the washing buffer described 
30 above and incubated for 36 hours in fresh culture 
medium containing 10% foetal calf serum. After the 
experiment, the cells were rinsed with washing buffer 
and the luciferase activity was measured using the 
w Dual-Lucif erase™ Reporter Assay System" kit from 
35 Promega according to the manufacturer's instructions. 
The protein content of the extracts obtained was 
assayed by the Bradford technique using the "Bio-Rad 
Protein Assay" kit (Bio-Rad) . 
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4 . Gel retardations 

The protein hRev-erba was synthesized in vitro 
from the plasmid psG5-hRev-erba by the reticulocyte 
lysate technique using the kit w TnT T7 quick coupled 
transcription/translation system" from Promega. The gel 
retardation experiments were carried out according to 
the protocol described previously (43, 44, 46) using 
oligonucleotides used to synthesize the double-stranded 
DNAs used as probes, which are described in Table 2. 



Name 


Sense 
oligonucleotide 


Antisense 
oligonucleotide 


HCIII-TaTaWT 


hCIIIF8 


hCIIIR8 


HCTII-TaTaKO 


hCIIIF12 


hCliIR12 


C3P-DR2 


hCIIIF6a 


hCIIIR6a 


Rev-DR2 


1129 


1142 



Table 2 



15 



20 



25 



30 



The double-stranded oligonucleotides were 
obtained by incubating 2.5 or 5 (ig of the sense and 
antisense oligonucleotides diluted in a hybridization 
buffer (50 mM Tris-HCl pH 8, 50 mM KC1, 5 mM MgCl 2 , 
10 mM DTT) at 100°C for 10 min and then at 65°C for 
10 min and by cooling the mixture slowly to room 
temperature. 

The binding buffer had the following 
composition: 

10 mM Hepes, 80 mM KCl, 5% glycerol, 10 mM DTT, 
0.1 ug/ul polydldC, 50 ng/jil herring sperm DNA, 1 ug/ul 
bovine serum albumin, reticulocyte lysate: 10%. 

5 . Animal models 

The mice whose Rev-erba gene has been destroyed 
by homologous recombination (Rev-erba KO) were obtained 
by the team directed by Bjorn Vennstrom (Laboratory of 
Developmental Biology, CMB, Karolinska Institute, 
Stockholm, Sweden) (SV12901aHsd background crossed with 
a BalbC background) (Chomez, P., Neveu, I., Mansen, A., 
Keisler, E . , Larsson, L. , Vennstrom, B., Arenas, E., 
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submitted for publication) . Bjbrn Vennstrom provided us 
with blood samples and liver samples from (-/-) or 
wild-type (+/+)• Rev-erba KO transgenic mice subjected 
to a Chow diet. The blood and tissues were collected 
5 after fasting for 4 hours. The blood was taken from the 
caudal vein and the serum recovered after 
centrifugation at 4°C for 25 minutes at 
12,000 revolutions /minute, stored at 4°C and used to 
analyse the lipid parameters, the lipoproteins and the 
10 apolipoproteins. After anaesthesia with C0 2 , the mice 
were sacrificed and the tissue samples taken, frozen in 
liquid nitrogen and stored at -80°C for RNA analysis. 



6. Analysis of the lipid parame ters, lipo- 
15 proteins and apolipoproteins 

The serum lipids and apolipoproteins were 
determined by enzymatic tests adapted for microtitra- 
tion plates using commercially available reagents. The 
levels of apo C-III in the serum were measured by 
20 immunonephelemetry using polyclonal antibodies produced 
in the laboratory of Prof. Fruchart. The cholesterol 
and triglyceride profiles of the lipoproteins were 
obtained by w Fast Protein Liquid Chromatography" 
(FPLC) . The serum lipoproteins (200 ul pool of serum 
25 representative of the average) were separated by exclu- 
sion chromatography using a Superose 6HR 10/30 column 
(Pharmacia) at a constant flow rate (0.2 ml/minute of a 
phosphate buffer (10 mM, pH 7.4) supplemented with 
0.01% EDTA and 0.01% NaN 3 ) - The optical density of the 
30 effluent was measured at 280 nm. 0.27 ml fractions were 
collected and the total amounts of cholesterol and 
triglycerides present in these fractions were measured. 

The extractions of hepatic RNA from transgenic 
mice, the preparation and hybridization of the Northern 
35 and dot blots and the measurement of the apo C-III mRNA 
levels were carried out according to the protocols 
described previously (38) . The cDNAs of the clone 36B4 
coding for human PO acidic ribosomal phosphoprotein 
(39), GAPDH (40), (3-actin (41) or rat apo C-III (38) 
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were used as control. The cDNA probes were labelled 
with 32 P using random primers by means of the kit 
supplied by Boehringer Mannheim. The membranes were 
hybridized with 1.5 x 10 6 cpm/ml of each probe according 
5 to the protocol described previously (42) . They were 
washed once with 0.5 x SSC buffer and 0.1% SDS at room 
temperature for 10 minutes and twice in the same buffer 
at 65 °C for 30 minutes and then autoradiographed 
(X-OMAT-AR film, Kodak) . The autoradiographs were 
10 analysed by densitometry (Biorad GS670 densitometer) . 
The results were standardized relative to the levels of 
the mRNAs of the control probes used (42) . 



15 



20 



30 



35 



II. Results 



1 . hRev-erba represses the activity of the 
human apo C-III promoter in HepG2 and RK13 cells. 

When HepG2 cells are cotransf ected with a 
plasmid which comprises the fragment (-1415/+24) of the 
human apo C-III promoter upstream of the luciferase 
reporter gene (-1415/+24WThCIIILuc+) and the plasmid 
pSG5-hRev-erba which allows exogenous expression of the 
Rev-erba nuclear receptor, a 50% reduction in the 
activity of the reporter gene is observed (Figure 1) . 
25 Similar results are obtained when RK13 (rabbit kidney) 
cells are cotransf ected with these same constructs 
(Figures 2, 3). This model, whose phenotype is more 
stable than that of the HepG2 cells, will be preferred 
for the characterization of the effect of hRev-erba and 
of its isoforms. In addition, the effect of hRev-erba 
depends on the amount of expression vector transfected 
(Figures 1, 3 and 4) and is independent of the 
transfection protocol used (precipitation of the DNA 
with calcium phosphate (Figures 1 to 3) or lipofection 
(Figures 4 and subsequent figures) . Since the trans- 
fection efficacy by the second method is higher, since 
the amounts of DNA used can be greatly reduced and 
since the transfection can be carried out in the 
presence of an excess of inert entraining DNA, the 
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latter method is preferred. Lastly, the effect of 
hRev-erba on the activity of the fragment -1415/+24 of 
the human apo C-III promoter is also observed with 
other reporter genes (e.g. CAT) (data not illustrated), 
5 with reporter plasmids whose skeletons differ, such as 
pBLCAT5 (Figures 1 and 3) or pGL3 (Figures 2, 4 and 
subsequent figures) or with other expression vectors • 
such as pCDNA3 (data not illustrated) : the effect of 
hRev-erba is robust. The vector pGL3, which is widely 
10 used in the art, is preferred for the study 
hereinbelow . 

These results suggest the presence of a 
response element to the hRev-erba nuclear receptor in 
the human apo C-III promoter which is. capable of 
15 reducing the activity of this promoter. 

2 . The effect of hRev-erba is specific. 
Figure 2 shows that the activity of the 
reporter gene for the vector lacking promoter (pGL3) is 

20 not affected by the exogenous expression of hRev-erba. 
Furthermore, the activity of two heterologous 
promoters, the promoter for the thymidine kinase gene 
of the herpes simplex virus (noted as TkpGL3 in 
Figure 2), or the major late promoter of the SV40 virus 

25 (noted as pGL3 in Figure 2), is also insensitive to the 
action of hRev-erba. The effect of this nuclear 
receptor on the promoter for the human apo C-III gene 
is thus specific. 

30 3 . The effect of hRev-erba is dominant. 

Several members of the superfamily of nuclear 
hormone receptors to which hRev-erba belongs recognize 
response elements which are specific to the level of 
the human apo C-III promoter: HNF4, the complex 

35 PPAR/RXR, COUPTF-I and COUPTF-II bind to the site C3P 
(-82/-70) (47, 60, 61, 62) and modulate the activity of 
the human apo C-III promoter. In addition, we have 
observed that the nuclear receptor hRORa increases the 
activity of this promoter partly via the site C3P 
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(-82/-70) (unpublished data forming the subject of the 
filing of an independent PCT patent (PCT/EU99/02001) ) . 
In order to establish the extent to which hRev-erba 
influences the action of other nuclear hormone 
5 receptors, RK13 cells were cotransf ected with a fixed 
amount of reporter plasmid and plasmids allowing the 
exogenous expression of the hHNF4 or hRORa receptors 
and increasing amounts of plasmid allowing the 
exogenous expression of hRev-erba. Irrespective of the 
10 nuclear receptor cotransf ected, hRev-erba reduces the 
activity of the reporter gene: the effect of hRev-erba 
is dominant (Figures 3 and 4) . 

4. Identification of the molecular site of 

15 action of hRev-erba 

a. Analysis of the deletion mutants of the 
human apo C-III promoter 

Figure 5 shows a decrease in the activity of 
20 the reporter gene when the apo C-III promoter cloned 
upstream of it is gradually truncated. The activity of 
the promoter is lost between positions -108 and -62. 
This region comprises the site C3P (-82/-70) whose 
importance in controlling the activity of the apo C-III 
25 promoter is known in the prior art (56, 60 and 62) . In 
the experiments presented, the fragment -1415/+24 of 
the apo C-III promoter amplifies the activity of the 
Luc+ reporter gene of the plasmid pGL3 by a factor of 
10. The exogenous expression of hRev-erba reduces this 
30 activity to a level close to that of the pGL3 vector 
lacking promoter: the effect of hRev-erba is powerful. 
It is clearly observed up to the deletion -108/+24. The 
results obtained with construct -62/+24 are difficult 
to interpret: the activity of the reporter gene is 
35 often close to that observed with the reporter pGL3, 
probably due to the absence of the C3P site. These 
results indicate the presence of at least one site of 
action of hRev-erba in the portion of the human 
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apo C-III promoter included between positions -108 and 
+24. 

In order to localize the hRev-erba response 
element (s) present in this region of the apo C-III 
5 promoter, fragments overlapping this region (positions 
-33/-16, -58/-24, -76/-46, -87/-67 and -100/-80) were 
cloned into one or more oriented copies upstream of the 
TK promoter. Figure 6 shows that the activity of the 
construct (-33/-16) 3 xTkpGL3 is reduced by hRev-erba. The 
10 weak repression of the construct (-100/-80) 3xTkpGL3 
described in Figure 6 is not observed in all the 
experiments . 



b. Analysis of the promoter by gel retardation 
15 In order to identify the portions of the 

apo C-III promoter to which the hRev-erba protein 
binds, overlapping double-stranded oligonucleotides 
were phosphorylated in the presence of ATP-y 32 P and 
incubated with the hRev-erba protein synthesized 
20 in vitro (rabbit reticulocyte lysate programmed using 
the plasmid P SG5-hRev-erba or with the unprogrammed 
lysate). The DNA/protein complexes thus obtained were 
then resolved on polyacrylamicie gel (gel retardation 
method) . Two specific hRev-erba complexes were 
25 identified on the Rev-DR2 response element present on 
the promoter for the hRev-erba gene used as reference. 
These complexes correspond to binding of the hRev-erba 
receptor as a monomer or dimer to the response element 
(31) . A specific hRev-erba complex was identified on 
30 the fragment -34 /-10 of the promoter for the human 
apo C-III gene and is marked with an arrow in Figure 7. 
This complex migrates to a molecular weight equivalent 
to that of the monomeric complex of hRev-erba with the 
Rev-DR2 response element. The intensity of the 
35 hRev-erba/ (-34/-10) complex observed is weaker than 
that of the hRev-erb/ (Rev-DR2) complex, which indicates 
lower affinity of the site (-34/-10) for hRev-erba. 
Analysis of the sequence of the fragment -34/-10 shows 
the presence of a perfect AGGTCA half-site preceded by 
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an A/T-rich region in position -23/-18. However, the 
base located in position -1 relative to this half-site 
is a C, which differs from the consensus defined by the 
art. This difference may explain the low affinity of 
5 the site for hRev-erba. The corresponding double- 
stranded oligonucleotide whose -23/-18 site sequence is 
mutated ( AGGTCA— »AGGCAG ) (hCIIITaTamut ) does not form a 
complex with the hRev-erba- - protein (data not 
illustrated) . Finally, we observed no significant gel 
10 retardations with labelled oligonucleotides which cover 
other fragments of the portion between the positions 
-198 and +24 of the promoter for the human apo C-III 
gene (for example with the double-stranded ( . 
oligonucleotide corresponding to the fragment -104 /-72 
15 ( w C3P-DR2" ) of the apo C-III promoter (Figure 7). 

In conclusion, the gel retardation experiments 
identified the AGGTCA half-site present in position 
- -23/-18 of the promoter for human apo C-III as a 
probable hRev-erba response element. 

20 

• c. Analysis of the point mutan ts of the 

promoter for the human ap o C-III gene 

In order to validate the results obtained with 
the deletion mutants and with the gel retardation 
25 technique, the constructs -1415/+24WTpGL3 and Q 
-82/+24WTpGL3 were mutated by site-directed mutagenesis 
on the AGGTCA half-site present downstream of the TaTa 
box of the apo C-III gene (-23/-18). Moreover, we 
cloned, upstream of the Tk promoter, three copies of 
30 the -33/-16 fragment of the human apo C-III promoter 
whose AGGTCA site was modified in accordance with the 
mutations of the constructs -1415/+24WTpGL3 and 
-82/+24WTpGL3. Figure 8A indicates that the mutation of 
the AGGTCA half -site present in position (-23/-18) of 
35 the human apo C-III promoter reduces the sensitivity of 
the entire promoter to hRev-erba by 50%. The effect of 
hRev-erba is totally lost when the construct 
-82/+24WTpGL3 is mutated. Similarly, mutation of the 
-23/-18 site in the construct (-33/-16WT) 3 xTkpGL3 (to 
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give the construct (-33/-16KO) 3x TkpGL3 ) suppresses its 
sensitivity to hRev-erba (Figure 8B) . 

d. Conclusions 

5 At least one site involved in the action of 

hRev-erba on the promoter for the human apo C-III gene 
has been clearly identified: the AGGTCA half-site 
located in position -237-18 of the apo C-III promoter. 

10 5- Effects of the hRev-erba isoforms 

Figure 9 shows, surprisingly, that the P and 
Y Rev-erb isoforms also repress the activity of the 
construct -198 /+24WTLuc+ . 

15 6. Disruption of the R ev-erba gene in 

Rev-erb KO mice affects the hepat ic expression — of 
apo C-III and the plasma levels of apo C-III and 

. . triglycerides - 

In order to establish the physiological rele- 
20 vance of the observations made in vitro described 
above, the effect of the destruction by homologous 
recombination of the Rev-erba gene in SV12 9XBalbC mice 
was evaluated on the blood parameters (plasma level of 
triglycerides and of apo C-III, lipid profile) and the 
25 accumulation of messenger RNAs coding for apo C-III in 
the liver of normal and transgenic animals. 

a. Blood parameters 

A significant increase (Mann-Whitney test, 
30 p < 0.05) in the triglyceride concentration in the 
serum was observed in mutant mice compared with normal 
mice (Figure 10A) . The FPLC profile indicates a large 
increase in triglycerides in the VLDL fraction 
(Figure 11) . 



35 



b. Expression of the apo C-III gene 
Expression of the mRNA coding for apo C-III is 
increased in mice whose Rev-erba gene has been 
destroyed by homologous recombination (Figure 10C) . 
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This increased expression is associated with a 
significant increase (Mann-Whitney test, p < 0.05) in 
the level of apo C-III in the plasma (Figure 10B) . 

These results show that modifications in the 
, expression of Rev-erb affect the hepatic expression of 
apo C-III and the levels of triglycerides and apo C-III 
in the plasma in mice: our observations made in vitro 
are physiologically relevant. 



10 



15 



20 



7. Relevance of the screening processes 

proposed 

Repression (Figures 1 to 5, 8 and 9) of the 
expression of the reporter gene cloned downstream of 
the promoter for the human apo C-III gene when the 
exogenous expression of hRev-erba is artificially 
increased is the basis for the relevance of using this 
method to" identify substances liable to modulate the 
activity of hRev-erba. 

Figures 6 and 12 are the basis for the rele- 
vance of using isolated sites cloned upstream of the Tk 
promoter before a reporter gene in order to identify 
substances liable to modulate the activity of 
hRev-erba. A construct comprising three copies of the 
Rev-DR2 site present in the promoter for ' the human 
Rev-erba gene which are cloned before the Tk promoter - 
has been characterized (Figure 12). Its sensitivity to 
hRev-erba is increased. This justifies its value for 
the screening of substances liable to modulate the 
activity of the native hRev-erba nuclear receptor. 

Lastly, Figure 13 is the basis for the 
relevance of using chimeras which combine the DNA 
binding domain of the yeast transcription factor Gal4 
and the binding domain of the hRev-erba ligand and of a 
reporter vector which comprises 5 copies of the Gal4 
35 response element in order to identify substances liable 
to modulate the activity of hRev-erba. 



25 
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1. Use of Rev-erb receptors and/or the response 
element thereof or a functional equivalent of these 

5 receptors to screen substances which are useful in the 
treatment of lipid metabolism dysfunctions. 

2. Use according to Claim 1, characterized in that 
the Rev-erb receptor and the Rev-erb receptor response 
element are the hRev-erba receptor and the hRev-erba 

10 receptor response element. 

3. .Process for screening substances which are 
useful in the treatment of lipid metabolism dysfunc- 
tions, characterized: 

- in that the test substance is placed in 
15 contact with a receptor of the Rev-erb family and/or a 
Rev-erb receptor response element, and/or a nuclear 
factor capable of functionally coupling Rev-erb to the 
RNA-polymerase complex, or a functional equivalent 
thereof, 

20 - in that the following are measured by any 

appropriate means: 

- the binding of the said substance to the 
Rev-erb receptor or the binding of the complex formed 
from the said substance and the Rev-erb receptor to its 

25 response element and/or to a nuclear factor capable of 
functionally coupling Rev-erb to the RNA-polymerase 

complex, arid/or 

- the modulation of the transcriptional 
activity of the genes placed under the control of a 

30 promoter comprising the Rev-erb response element. 

4. Process for screening substances which are 

useful in the treatment of lipid metabolism 
dysfunctions, which consists in determining the effect 
of the test substance on the modulation of the expres- 

35 sion of the gene coding for the Rev-erb receptor. 

5 \ use of a substance selected by a screening 

process according to either of Claims 3 and 4, for the 
preparation of a composition, in particular a 
pharmaceutical composition, which is useful for the 



9967637A1 I > 



WO 99/67637 AO PCT/EP99/04286 ' 

42 

treatment of lipid metabolism dysfunctions associated 

with apolipoprotein C-III in man or animals. 

6. Use of a substance which is capable of binding 

to the Rev-erb receptor or to the response element 
5 thereof, for the preparation of a pharmaceutical 

composition which is useful for the treatment and/or 

prevention of lipid metabolism dysfunctions associated 

with apolipoprotein C-III in man or animals. 

7> use of a substance which is capable of modulat- 

10 ing the transcriptional activity of a gene placed under 

the control of a promoter comprising the Rev-erb 

receptor response element, for the preparation of a 
\ pharmaceutical composition which ..is useful for the 

treatment and/or prevention of lipid metabolism 
15 dysfunctions associated with apolipoprotein C-III in 

man or animals. 

8 . Use of a substance which is capable of modulat- 

ing the expression of the gene coding for the Rev-erb 
receptor for the preparation of a composition, in par- 
20 ticular a pharmaceutical composition, which is useful 
for the treatment and/or prevention of lipid metabolism 
dysfunctions associated with apolipoprotein C-III in 
man or animals. 

9> use of a screening process according to either 

25 of Claims 3 and 4, for the characterization, justifica- fj 
tion and claim of the mechanism of action of substances 
possessing' anti-atherosclerotic properties using the 
Rev-erb receptors and/or the response elements thereof, 
as well as their effect on apo C-III. 
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Figure 7 
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FIELD OF THE INVENTION 

TKe invention relates to methods of screening test compounds for their ability to 
5 stimulate pre-adipocyte differentiation by measuring their activity as a modulator of LXRct 
activity or expression. The invention also relates to the use of active modulators of LXRa 
activity or expression in stimulation of pre-adipocyte differentiation and hence also in the 
treatment of insulin resistance syndrome, or dyslipidemia, or type 2 diabetes. 

10 BACKGROUND OF THE INVENTION 

PPARyis an established master switch for driving adipocyte differentiation. 
Retrovirus-mediated expression of PPARy in a fibroblast cell line (NIH-3T3) conferred an 
adipocyte phenotype onto this otherwise non-adipogenic cell (Tontonoz et ah, 1994). 
Treatment of 3T3-L1 pre-adipocytes with Pioglitazone (a PPARy agonist of the 

15 thiazolidinedione class) enhanced the insulin or insulin-like growth factor-1 (IGF-I)-regulated 
differentiation as monitored by the rate of lipogenesis or triglyceride accumulation (Kletzien et 
al., 1 992). Pioglitazone caused both a leftward shift and enhanced maximum response for the 
IGF-I-regulated differentiation of the cells, consistent with the idea that the drug enhances the 
sensitivity of cells to polypeptide hormones. PPARy agonists are therefore promoters of 

20 adipocyte differentiation and insulin sensitisers and are prescribed clinically to treat type 2 
diabetes. 

Here we show that a thiazolidinedione, Darglitazone, leads to increased expression of 
the nuclear receptor LXRa in 3T3-L1 adipocytes and in human primary adipocytes. In 
addition we show that activation of LXRa leads to differentiation of pre-adipocyte cells to 
25 adipocytes. 

The LXRs were first identified as orphan members of the nuclear receptor superfamily 
(Willy et al., 1995) and have later been shown to be activated by a specific class of naturally 
occurring, oxidised derivatives of cholesterol, including 22(R)-hydroxycholesterpl, 24(S)- 
hydroxycholesterol, and 24,25(S)-epoxycholesterol (Janowski et al., 1996, Janowski et al., 
30 1999). Two members of the LXR family have been identified: the tissue restricted (mainly 
liver, intestine, kidney and adipocytes) LXRa and the ubiquitous LXRp (Peet et al., 1998, 
Repa & Mangelsdorf, 1999). When cholesterol is in excess and its oxidised metabolites are 
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present, LXRoc is activated and induces transcription of the Cyp7al gene, which encodes the 
rate-limiting enzyme in the classical bile acid synthesis pathway cholesterol 7a-hydroxylase. 
^^e^ii^^i^n^pf e hpl es terol 7a-hydroxxlase enhances conversion of cholesterol to bile acids, 
thereby reducing the amount of circulating cholesterol. The role of LXRa as a key regulator 

5 of cholesterol homeostasis has been studied in mice homozygous for a disrupted LXRa gene. 
These genetically modified mice are apparently healthy and fertile when fed with a normal 
diet. However, when given a high content cholesterol diet (0,2% or 2%), hepatomegaly with 
cholesterol accumulation occurs, leading to hepatic failure, and also failure of Cyp7al 
transcription induction was detected. These results provide evidence that LXRa is required to 

10 regulate Cyp7al expression in mice and that this is very important for maintenance of 

cholesterol homeostasis. These observations have led to the suggested use of LXRa agonists 
to increase the synthesis of bile acids as a means to lower the level of blood cholesterol. 

Recently the gene encoding the ATP-binding cassette transporter protein 1 (ABC-1), 
was reported to be transcriptionally regulated by LXRa (Costet et ah, 2000, Repa et al., 2000). 

15 The ABC- 1 transporter is involved in cellular efflux of cholesterol to high density lipoproteins 
(HDL). Interestingly, several genetic defects in this transporter are also characterised by 
accumulation of cholesterol in various tissues and increased risk of coronary artery disease in 
patients belonging to a Tangiers disease cohort. This indicates that LXRa may have additional 
roles in the regulation of cholesterol levels besides controlling the Cyp7al gene. 

20 WO 93/06215 (EP609240), The Salk Institute. This application describes the cloning 

of five new orphan receptors belonging to the steroid/thyroid superfamily of receptors, one 
(designated XR2) has later been shown to be the human LXRa. 

WO 96/21726, The Salk Institute. This application describes the characterisation of 
LXRa and claims certain response elements, LXR/RXR heterodimers, and LXR based assays. 

25 WO 99/ 1 8 1 24 (EP 1 02 1 462) Merck & Co. This application covers methods for 

identifying agonist and antagonists of nuclear receptors. The claimed methods comprises the 
use of a nuclear receptor or a ligand binding domain thereof labelled with a first fluorescent 
reagent; a nuclear receptor co-activator or a binding portion thereof labelled with a second 
fluorescent reagent; and measuring FRET between the first and second fluorescent reagents. 

30 LXR is exemplified as one of the nuclear receptors of the claimed methods and SRC-1 as a 
co-activator. 
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WO 00/34461 University of Texas. This application covers various aspects of 
modulating cholesterol metabolism, such as LXRcc knock-out mice and their use in screens, 
screen for. LXRcc agonists for their ability to increase bile acid synthesis, screening for 
substances reducing ctftlestertff fe^ 
5 outs, screen for modulators of ABC1 expression. 

SUMMARY OF THE INVENTION 

The present invention is based on the discovery that agonists of LXRoc activity 
stimulate differentiation of pre-adipocytes. In addition, differentiation of a pre-adipocytes is 
10 accompanied by an increased expression of LXRoc . Stimulation of differentiation of pre- 
adipocytes is useful also in the treatment of insulin resistance syndrome, or dyslipidemia, or 
type 2 diabetes. 

In one aspect, the invention features a method of stimulating preradipocyte ; 
differentiation in a cell comprising administering a LXRoc agonist to a cell, wherein the 

15 agonist stimulates pre-adipocyte differentiation. In one embodiment, the cell is a mammalian 
cell such as an adipocyte cell, a 3T3-L1 pre-adipocyte cell, or a 3T3-L1 adipocyte cell. In one 
embodiment, the LXRoc agonist is an oxidized derivative of cholesterol such as 22(R)- 
hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. In another 
embodiment, the LXRoc agonist is a thiazolidinedione compound such as darglitazone, 

20 rosiglitazone, pioglitazone, or troglitazone, and their pharmaceutical^ acceptable salts. 

In another aspect, the invention features a method of treating a disorder associated with 
aberrant pre-adipocyte differentiation. The method includes administering a therapeutically 
effective amount of a LXRoc modulator to a mammal, wherein the LXRoc modulator stimulates 
pre-adipocyte differentiation. In one embodiment the LXRcc modulator is an oxidized 

25 derivative of cholesterol such as 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, and 
24,25(S)-epoxycholesterol. In another embodiment, the LXRoc modulator is a 
thiazolidinedione compound such as darglitazone, rosiglitazone, pioglitazone, or troglitazone, 
and their pharmaceutical^ acceptable salts. The disorder can be any disorder which has an 
aberrant adipocyte differentiation, e.g., the disorder can be insulin resistance syndrome, 

30 dyslipidemia or type 2 diabetes. The LXRoc modulator can be administered in any manner 
known in the art including orally, topically, intravenously, transdermally, rectally, or 
parentally. In one embodiment the modulator is administered to the mammal in a 
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pharmaceutical composition comprising a pharmaceutically acceptable carrier or excipient. 

In another aspect the invention features a method of increasing the level of LXRa 
expression or activity, comprising administering a pharmaceutically effective amount of a 
LXRa modulator. In one embodiment the LXRa modulator is an oxidized derivative of 

5 cholesterol such as 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)- 
epoxycholesterol. In another embodiment, the LXRa modulator is a thiazolidinedione 
compound such as darglitazone, rosiglitazone, pioglitazone, or troglitazone, and their 
pharmaceutically acceptable salts In one embodiment the modulator is administered to a pre- 
adipocyte cell in a mammal. In another embodiment the mammal has insulin resistance 

10 syndrome, dyslipidemia or type 2 diabetes. 

The invention further relates to the use of a variety of procedures for using the LXRa 
receptor in the discovery of modulators of the receptor function or expression, such 
modulators may be used in stimulating pre-adipocyte differentiation and therefore used to 
modify or ameliorate insulin resistance syndrome or dyslipidemia or type 2 diabetes. 

15 in one aspect, the invention features a method for identifying a compound that 

. stimulates pre-adipocyte differenciation. The method includes providing a cell comprising a 
LXRa regulatory sequence operatively linked to a reporter gene; introducing a test compound 
into the cell; assaying for transcription of the reporter gene in the cell, wherein an increase in 
transcription in the presence of the compound compared to transcription in the absence of the 

20 compound indicates that the compound stimulates pre-adipocyte differenciation. The cell can 
be any cell such as a mammalian cell. In one embodiment the cell is an adipocyte cell, a 3T3- 
LI pre-adipocyte cell, or a 3T3-L1 adipocyte cell. The reporter gene can encode a luciferase, a 
chloramphenicol acetyl transferase, a beta-gal actosidase, an alkaline phosphate, or a 
fluorescent protein. 

25 In another aspect, the invention features a method of identifying a compound which 

binds to a LXRa polypeptide comprising contacting a LXRa polypeptide, or a cell expressing 
a LXRa polypeptide, with a test compound; and determining if the polypeptide binds to the 
test compound. The binding of the test compound to the polypeptide can be detected by direct 
detecting of the compound to the polypeptide or by a competition binding assay. 

30 The invention further features a method for identifying a compound which modulates 

the activity of a LXRa polypeptide comprising contacting a LXRa polypeptide with a test 
compound and assaying for the ability of the test compound to stimulate pre-adipocyte 
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differentiation, wherein an increase in the ability of the polypeptide to stimulate pre-adipocyte 
differentiation indicates that the compound modulates the activity of the LXRoc polypeptide. 

In another aspect, the invention features a method of identifying an agonist of LXRa 
which includes contacting a LXRa protein, or fragment thereof, a LXRa coactivator and a 

5 compound; and determining if the LXRa protein, or fragment thereof, and the LXRa 

coactivator interact, wherein an interaction between the LXRa protein, or fragment thereof, 
and the LXRa coactivator indicates that the compound is a LXRa agonist. In one 
embodiment the LXRa co-activator is a steroid receptor co-activator. 

In yet another aspect, the invention features a method of identifying an agonist of 

10 LXRa which includes contacting a LXRa protein, or fragment thereof, a LXRa 

heterodimerization partner or fragment thereof, and a compound; and determining if the 
LXRa protein, or fragment thereof, and the LXRa heterodimerization partner, or fragment 
thereof, interact, wherein an interaction between the LXRa protein, or fragment thereof, and 
the LXRa heterodimerization partner, or fragment thereof, indicates that the compound is a 

15 LXRa agonist. In one embodiment, the LXRa heterodimerization partner is a retinoid X 
receptor. 

The invention relates to pharmaceutical compositions containing such a modulator 
dis covered by the methods described in this application and the use of the modulator or 
pharmaceutical composition comprising such modulator in stimulating pre-adipocyte 

20 differentiation and therefore used to modify or ameliorate insulin resistance syndrome or 
dyslipidemia or type 2 diabetes. 

In one aspect the invention feature the use of a LXRa modulator in the manufacture of 
a medicament for the treatment of a disorder associated with aberrant pre-adipocyte 
differentiation, wherein the LXRa modulator stimulates pre-adipocyte differentiation. In one 

25 embodiment the LXRa modulator is an oxidized derivative of cholesterol such as 22(R)- 
hydroxycholesterol, 24(S)-hydroxy cholesterol, and 24,25(S)-epoxycholesterol. In another 
embodiment the LXRa modulator is a thiazolidinedione compound such as darglitazone, 
rosiglitazone, pioglitazone, or troglitazone, and their pharmaceutical^ acceptable salts. The 
disoder can be any disorder associated with aberrant pre-adipocyte differentiation such as 

30 insulin resistance syndrome, dyslipidemia or type 2 diabetes. The LXRa modulator can be 
administered orally, topically, intravenously, transdermally, rectally, or parentally. 

In yet another aspect the invention features a pharmaceutical formulation for use in the 
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treatment of a disorder associated with aberrant pre-adipocyte differentiation. In one 
embodiment the LXRa modulator is an oxidized derivative of cholesterol such as 22(R)- 
hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. In another 
embodiment the LXRa modulator is a thiazolidinedione compound such as darglitazone, 
5 rosiglitazone, pioglitazone, or troglitazone, and their pharmaceutical! y acceptable salts. The 
disoder can be any disorder associated with aberrant pre-adipocyte differentiation such as 
insulin resistance syndrome, dyslipidemia or type 2 diabetes. The LXRa modulator can be 
administered orally, topically, intravenously, transdermally, rectally, or parentally. 

10 BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 depicts a bar chart showing Northern blot anaylsis of total RNA isolated from 
differentiated 3T3-L1 cells probed with an LXRa probe. 

Figure 2 depicts a bar chart showing Northern blot analysis of 20 \xg total RNA obtained from 
15 fully differentiated 3T3-L1 cells stimulated with 22-R (5 |iM), Darglitazone (1 \xM) alone or 
in combination for 24 hours, probed with an LXRa probe. 

Figure 3 depicts a bar chart showing Northern blot analysis of polyA+ RNA isolated from 
human adipocytes grown in the presence of 1 pM Darglitazone (Dar), 5 pM 22-R-hydroxy 
20 cholesterol (22-R-OH) or both (Dar + 22-R-OH), probed with an LXRa probe. 

DETAILED DESCRIPTION OF THE INVENTION 

Treatment of 3T3-L1 pre-adipocytes with an LXRa agonist, 22-R-hydroxycholesterol, 

enhances adipocyte differentiation of 3T3-L1 pre-adipocytes. This demonstrates that LXRa 
25 not only is very important for maintenance of cholesterol homeostasis but represents an 

important regulatory factor in adipocyte differentiation. Treatment with an LXRa modulator 

of activity or expression can lead to stimulation of pre-adipocyte differentiation and have 

utility in improving insulin sensitisation and therefore constitutes a novel treatment for 

dyslipidemia and insulin resistance and type 2 diabetes. 
30 This invention provides a method for stimulation of pre-adipocyte differentiation 

comprising the administration of an effective amount of a modulator of the activity or 

expression of LXRa to a patient in need of such treatment. 

6 
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Modulation, preferably by an "upregulator") of the expression of LXRa by a 
compound may be brought about, for example, through altered gene expression levels or 
message stability. Modulation, preferably by an "agonist", of the activity of LXRa by a 
compound may be brought about for example through compound binding to LXRcx, LXRa 
5 /RXRa heterodimer, LXRa/co-activator or LXRa/RXRa/co-activator complexes. 

In a further aspect of the present invention we provide a method for the provision of an 
adipocyte differentiation agent, which method comprises using one or more putative 
modulator of LXRa expression or activity as test compounds in one or more procedure to 
measure the ability of the test compound to modulate LXRcx, and selecting an active 
10 compound for use as an agent able to stimulate pre-adipocyte differentiation. 

Convenient test procedures include the use of animal models to test the role of the test 
compound. These will typically involve the administration of compounds by intra peritoneal 
injection, subcutaneous injection, intravenous injection, oral gavage or direct injection via 
canullae into the blood stream of experimental animals. The effects on insulin sensitivity, lipid 
15 profiles, food intake, body temperature, metabolic rate, behavioural activities and body weight 
changes may all be measured using standard procedures. 

Suitable modulators may be firstly identified by screening against the isolated LXRa 
receptor or fragment or chimeirc form thereof. 
Preferably the screen is selected from: 
20 i) measurement of LXRa activity using a reporter gene assay comprising a cell 

line which expresses LXRa and a reporter gene coupled to an LXRa response element 
and assaying for expression of the reporter gene. 

ii) measurement of LXRa activity using purified LXRa protein or a fragment 
thereof and a co-activator or a fragment thereof, and assaying the interaction between 

25 LXRa and the co-activator, preferably by time resolved fluorescence resonance energy 

transfer or by scintillation proximity assay. 

iii) measurement of LXRa activity using purified LXRa protein or a fragment 
thereof and a heterodimerization partner or a fragment thereof, and assaying the 
interaction between LXRa and the heterodimerization partner, preferably by time 

30 resolved fluorescence resonance energy transfer or by scintillation proximity assay 

iv) measurement of LXRa transcription or translation in a cell line expressing 
LXRa. 
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v) measurement of direct compound binding or competitive binding to LXRa, 
preferably by time resolved fluorescence resonance energy transfer or scintillation . 
proximity assay. 

Examples of a suitable assays can be found in WO 99/1 8 1 24 (EP 1 02 1 462) Merck & 

5 Co. 

Examples of suitable co-activators, but not limited to, are the Steroid Receptor 
Coactivators, such as SRC-1, SRC-2, and SRC-3, the Nuclear Receptor CoActivators, such as 
NcoA-1, NcoA-2, the CREB Binding protein (CBP), p300, p/CIP, TEF-1, TIF-2, TREEM, and 
GRIP-1. 

10 Suitable heterodimerization partners are the Retinoid X Receptors (RXR), such as 

RXRo, RXRp and RXRy, preferably RXRa. 

Preferably the cell line is a 3T3-L1 pre-adipocyte cell or a 3T3-L1 adipocyte cell or 
any other commanly used mammalian cell line. 

The mammalian LXRa receptors may be conveniently isolated from commercially 

15 available RNA, brain cDNA libraries, genomic DNA, or genomic DNA libraries using 

conventional molecular biology techniques such as library screening and/or Polymerase Chain 
Reaction (PCR). These techniques are extensively detailed in Molecular Cloning - A 
Laboratory Manual, 2 nd edition, Sambrook, Fritsch & Maniatis, Cold Spring Harbor Press. 
The resulting cDNA's encoding mammalian LXRa receptors are then cloned into 

20 commercially available mammalian expression vectors such as the pcDNA3 series 

(InVitrogen Ltd etc. see below). An alternative mammalian expression vector is disclosed by 
Davies et al., J of Pharmacol & Toxicol. Methods, 33, 153-158. Standard transfection 
technologies are used to introduce these DNA's into commonly available cultured, 
mammalian cell lines such as CHO, HEK293, HeLa and clonal derivatives expressing the 

25 receptors are isolated. An alternative expression system is the MEL cell expression system 
claimed in our UK patent no. 2251622. 

Application of a natural ligand to these cells causes activation of the transfected 
receptor that may cause changes in the levels of endogenous molecules such as ABC-1 or 
aFABP These may all be measured using standard published procedures and commercially 

30 available reagents. In addition, these cDNA's may be transfected into derivatives of these cells 
lines that have previously been transfected with a "reporter" gene. Examples of suitable 
reporter genes are esterase, phosphatases, proteases, fluorescent proteins, such as GFP, YFP, 

8 
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BFP, and CFP, luciferase, chloramphenicol acetyl transferase, (3-galactosidase, (3- 
glucuronidase that will "report" these intracellular changes. 

These transfected cell lines may be used to identify low molecular weight compounds 
that activate these receptors, these are defined as "agonists". 

5 In addition or alternatively, the same assays can be used to identify low molecular 

weight compounds that antagonise the activation effect of a LXRa ligand, these are defined 
as "antagonists". Antagonist may have utility in treating obesity, dyslipidemia, insulin 
resistance syndrome and type 2 diabetes. 

The test compound may be a polypeptide of equal to or greater than, 2 amino acids 

10 such as up to 6 amino acids, up to 10 or 12 amino acids, up to 20 amino acids or greater than 
20 amino acids such as up to 50 amino acids. For drug screening purposes, preferred 
compounds are chemical compounds of low molecular weight and potential therapeutic 
agents. They are for example of less than about 1000 Daltons, such as less than 800, 600 or 
400 Daltons in weight. If desired the test compound may be a member of a chemical library. 

15 This may comprise any convenient number of individual members, for example tens to 

hundreds to thousands to millions etc., of suitable compounds, for example peptides, peptoids 
and other oligomeric compounds (cyclic or linear), and template-based smaller molecules, for 
example benzodiazepines, hydantoins, biaryls, carbocyclic and polycyclic compounds (eg. 
naphthalenes, pheriothiazines, acridines, steroids etc.), carbohydrate and amino acids 

20 derivatives, dihydropyridines, benzhydryls and heterocycles (eg. triazines, indoles, 

thiazolidines etc.). The numbers quoted and the types of compounds listed are illustrative, but 
not limiting. Preferred chemical libraries comprise chemical compounds of low molecular 
weight and potential therapeutic agents. 

In a further aspect of the invention we provide the use of a modulator of LXRa 

25 receptor activity or expression as an agent able to stimulate pre-adipocyte differentiation and 
thereby modify or ameliorate insulin resistance syndrome or dyslipidemia or type 2 diabetes. 

In a further aspect of the present invention we provide a method of treating insulin 
resistance syndrome, dyslipidemia or type 2 diabetes which method comprises administering 
to a patient suffering such a disease a pharmaceutical^ effective amount of an agent, 

30 preferably identified using one or more of the methods of this invention, able to stimulate pre- 
adipocyte differentiation by modulating LXRa activity or expression and thereby modify or 
ameliorate the insulin resistance syndrome, dyslipidaemia or type 2 diabetes disease. 
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This invention further provides use of an agent able to stimulate pre-adipocyte 
differentiation by modulating LXRa activity in preparation of a medicament for the treatment 
of dyslipidemia or IRS or type 2 diabetes. Preferably the compound is an LXRa agonist. 

According to another aspect of the present invention there is provided a method of 
5 preparing a pharmaceutical composition which comprises: 

i) identifying an agent as useful for stimulation of pre-adipocyte differentiation according 
to a method as described herein; and 

ii) mixing the agent or a pharmaceutical^ acceptable salt thereof with a pharmaceutical^ 
acceptable excipient or diluent. 

10 It will be appreciated that the present invention includes the use of orthologues and 

homologues of the human LXRa receptor. 

The degree of pre-adipocyte differentiation required for the treatment of the type 2 

diabetes, IRS or dyslipidemia can be almost any level of stimulation over basal levels as 

measured in the patient suffering from the particular disease, preferably at least 10% increase 
15 in rate over basal levels. Preferably a compound should be administered which has an affinity 

(K m ) for LXRa below lOOfiM preferably below IjiM, as measured against the isolated 

receptor. 

The pharmaceutical composition can further comprise a PPARy agonist, preferably a 
thiazolidinedione such as Darglitazone, Rosiglitazone, Pioglitazone, or Troglitazone. 
20 By the term "orthologue" we mean the functionally equivalent receptor in other 

species. 

By the term "homologue M we mean a substantially similar and/or related receptor in the 
same or a different species. 

For either of the above definitions we believe the receptors may have for example at 

25 least 30%, such as at least 40%, at least 50%, at least 60%, and in particular at least 70%, such 
as at least 80%, for example 85%, or 90% or 95% peptide sequence identity. It is appreciated 
that homologous receptors may have substantially higher peptide sequence identity over small 
regions representing functional domains. We include receptors having greater diversity in their 
DNA coding sequences than outlined for the above amino acid sequences but which give rise 

30 to receptors having peptide sequence identity falling within the above sequence ranges. 

Convenient versions of the LXRa receptor include the published sequence. The amino acid 
sequence of human LXRa can be obtained from the SwissProt database, accession no Q13133 
(NRH3_HUMAN) and the cDNA sequence e.g. from the EMBL database accession no. 
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U22662. The LXRa receptor is from any mammalian species, including human, monkey, rat, 
mouse and dog. Preferably the human LXRa receptor is used. 

Fragments and partial sequences of the LXRa receptor may be useful substrates in the 
assay and analytical methods of the invention. It will be appreciated that the only limitation 
5 on these is practical, they must comprise the necessary functional elements for use in the 
relevant assay and/or analytical procedures. 

The agent of this invention may be administered in standard manner for the condition 
that it is desired to treat, for example by oral, topical, parenteral, buccal, nasai, or rectal 
administration or by inhalation. For these purposes the compounds of this invention may be 
10 formulated by means known in the art into the form of, for example, tablets, capsules, aqueous 
or oily solutions, suspensions, emulsions, creams, ointments, gels, nasal sprays, suppositories, 
finely divided powders or aerosols for inhalation, and for parenteral use (including 
intravenous, intramuscular or infusion) sterile aqueous or oily solutions or suspensions or 
sterile emulsions. 

15 Knowledge of the LXRa receptor also provides the ability to regulate its 

expression in vivo by for example the use of antisense DNA or RNA. Thus, according to a 
further aspect of the invention we provide an appetite control agent comprising an 
antisense DNA or an antisense RNA which is complementary to all or a part of a 
polynucleotide sequences shown in sequence nos. 1,3 and 5. By complementary we mean 

20 that the two molecules can hybridise to fpim a double stranded molecule through 
nucleotide base pair interactions to the exclusion of other molecular interactions. 

The antisense DNA or RNA for co-operation with polynucleotide sequence 
corresponding to all or a part of a LXRa gene can be produced using conventional means, by 
standard molecular biology and/or by chemical synthesis. The antisense DNA or RNA can be 

25 complementary to the full length LXRa receptor gene of the invention or to a fragment 

thereof. Antisense molecules which comprise oligomers in the range from about 12 to about 
30 nucleotides which are complementary to the regions of the gene which are proximal to, or 
include, the protein coding region, or a portion thereof, are preferred embodiments of the 
invention. If desired, the antisense DNA or antisense RNA may be chemically modified so as 

30 to prevent degradation in vivo or to facilitate passage through a cell membrane and/or a 

substance capable of inactivating mRNA, for example ribozyme, may be linked thereto and 
the invention extends to such constructs. 

Oligonucleotides which comprise sequences complementary to and hybridizable to the 
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LXRa receptor are contemplated for therapeutic use. U.S. Patent No. 5,639,595, 
Identification of Novel Drugs and Reagents, issued Jun. 17, 1997, wherein methods of 
identifying oligonucleotide sequences that display in vivo activity are thoroughly described, is 
herein incorporated by reference. 

5 Nucleotide sequences that are complementary to the LXRa receptor encoding nucleic 

acid sequence can be synthesised for antisense therapy. These antisense molecules may be 
DNA, stable derivatives of DNA such as phosphorothioates or methylphosphonates, RNA, 
stable derivatives of RNA such as 2-O-alkylRNA, or other oligonucleotide mimetics. U.S. 
Patent No. 5,652,355, Hybrid Oligonucleotide Phosphor othioates, issued July 29, 1997, and 

10 U.S. Patent No. 5,652,356, Inverted Chimeric and Hybrid Oligonucleotides, issued July 29, 
1997, which describe the synthesis and effect of physiologically-stable antisense molecules, 
are incorporated by reference. LXRa gene antisense molecules may be introduced into cells by 
microinjection, liposome encapsulation or by expression from vectors harbouring the 
antisense sequence. 

15 Transgenic animal technology is also contemplated, providing new experimental 

models, useful for evaluating the effects of test compounds on the control of dyslipidemia, 
insulin resistance syndrome, type 2 diabetes, obesity and eating disorders. LXRa may be 
deleted, 1 inactivated or modified using standard procedures as outlined briefly below and as 
described for example in "Gene Targeting; A Practical Approach", IRL Press, 1993. The 

20 target gene or a portion of it, for example homologous sequences flanking the coding region, 

is preferably cloned into a vector with a selection marker (such as Neo) inserted into the gene 

• ■ ■ i 

to disrupt its function. The vector is linearised then transformed (usually by electroporation) 
into embryonic stem cells (ES) cells (eg derived from a 129/Ola strain of mouse) and 
thereafter homologous recombination events take place in a proportion of the stem cells. The 

25 stem cells containing the gene disruption are expanded and injected into a blastocyst (such as 
for example from a C57BL/6J mouse) and implanted into a foster mother for development. 
Chimaeric offspring may be identified by coat colour markers. Chimeras are bred to ascertain 
the contribution of the ES cells to the germ line by mating to mice with genetic markers which 
allow a distinction to be made between ES derived and host blastocyst derived gametes. Half 

30 of the ES cell derived gametes will carry the gene modification. Offspring are screened (for 
example by Southern blotting) to identify those with a gene disruption (about 50% of the 
progeny). These selected offspring will be heterozygous and may therefore be bred with 
another heterozygote to produce homozygous offspring (about 25% of the progeny). 

: 12 
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Transgenic animals with a target gene deletion ("knockouts") may be crossed with 
transgenic animals produced by known techniques such as microinjection of DNA into 
pronuclei, spheroplast fusion or lipid mediated transfection of ES cells to yield transgenic 
animals with an endogenous gene knockout and a foreign gene replacement. ES cells 
5 containing a targeted gene disruption may be further modified by transforming with the target 
gene sequence containing a specific alteration. Following homologous recombination the 
altered gene is introduced into the genome. These embryonic stem cells may subsequently be 
used to create transgenics as described above. Suitable methods are described in 

WO 00/34461 University of Texas. 

i 

io The transgenic animals will display a phenotype, which reflects the role of LXRa 

in the control of appetite and obesity and will thus provide useful experimental models in 
which to evaluate the effects of test compounds. Therefore in a further aspect of the 
invention we provide transgenic animals in which LXRa is deleted, inactivated or 
modified, and used in evaluating the effects of test compounds in dyslipidemia, insulin 

15 resistance syndrome, type 2 diabetes, appetite control and obesity. The LXRa receptor 

may also be used as the basis for diagnosis, for example to determine expression levels in a 
human subject, by for example. direct DNA sequence comparison or DNA/RNA 
hybridisation assays. Diagnostic assays may involve the use of nucleic acid amplification 
technology such as PCR and in particular the Amplification Refractory Mutation System 

20 (ARMS) as claimed in our European Patent No. 0 332 435. Such assays may be used to 
determine allelic variants of the gene, for example insertions, deletions and/or mutations 
such as one or more point mutations. Such variants may be heterozygous or homozygous. 
Other approaches have been used to identify mutations in genes encoding similar 
molecules in obese patients ( Yeo et al., 1998, Nature Genetics, 20, 1 1 1-1 12). 

25 In a further aspect of the invention the LXRa receptor can be genetically engineered 

in such a way that its interactions with other intracellular and membrane associated proteins 
are maintained but its effector function and biological activity are removed. The genetically 
modified protein is known as a dominant negative mutant. Overexpression of the dominant 
negative mutant in an appropriate cell type down regulates the effect of the endogenous 

30 protein, thus revealing the biological role of the genes in dyslipidemia, insulin resistance 
syndrome, type 2 diabetes. 

: Similarly, the LXRa receptor may also be genetically engineered in such a way 
that its effector function and biological activity are enhanced. The resultant overactive 
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protein is known as dominant positive mutant. Overexpression of a dominant positive 
mutant in an appropriate cell type amplifies the biological response of the endogenous, 
native protein, spotlighting its role in dyslipidemia, insulin resistance syndrome, type 2 
diabetes. This also has utility in a screen for detecting anatgonists of the constitutively 
5 active receptor in the absence of a ligand. 

Therefore, in a further aspect of the invention we provide dominant negative and 
dominant positive mutants of a LXRa receptor and their use in evaluating the biological role 
of the iJcRa receptor in the control of insulin resistance syndrome, dyslipidemia or type 2 
diabetesi 

10 the invention will now be illustrated but not limited by reference to the following 

specific description and sequence listing [Many of the specific techniques used are detailed in 
standard molecular biology textbooks such as Sambrook, Fritsch & Maniatis, Molecular 
cloning, a Laboratory Manual, Second Edition, 1989, Cold Spring Harbor Laboratory Press. 
Consequently references to this will be made at the appropriate points in the text.]: 

15 . 

EXAMPLES 

The effect of P PAR y activators on LXRa expression in 3T3-L1 adipocytes 

We performed Northern blot analysis on total RNA from 3T3-L1 adipocytes treated 
with increasing doses of a PPARy agonist. Adipocytes treated over a 24 hrs period with 0.01 , 

20 0.1, and 1 mM of Darglitazone. 20 jig total RNA was subjected to Northern blotting and 
probed with a 32 P-Iabeled LXRacDNA probe. The signal was obtained by scanning the 
autoradiogram and normalised for 18S RNA expression. Results showed an approximately 5- 
fold induction of LXRa mRNA (Figure 1). These concentrations are in agreement with 
concentrations required for activation of PPARyin reporter assays (Lehmann et al. 1995). 

25 Hence,! treatment of adipocytes with a selective PPAR7 agonist increases LXRa mRNA levels. 

Treatment of 3T3-L1 adipocytes with 22-R-hydroxy cholesterol and Darglitazone 

3T3-L1 cells committed to adipocyte differentiation were treated with either 
Darglitazone, the LXRa agonist 22-R-hydroxy cholesterol, or both. 22-R-hydroxy cholesterol 
30 (22-R) is a naturally occurring agonist for LXRa (Janowski et al. 1996). Cells stimulated with 
22-R, Darglitazone or both were forming gradually larger lipid droplets, as shown by Oil Red- 
O staining of the cells. These results indicate that Darglitazone stimulation of PPAR7 as well 
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as 22-R stimulation of LXRa leads to increased storage of triglycerides in adipocytes. In 
parallel, Northern blot analysis of total RNA shows an increase of LXRa mRNA in 
differentiating 3T3-L1 cells treated with Darglitazone or 22-R and an additive effect by 
stimulation with both Darglitazone and 22-R (Figure 2). Therefore, treatment of 3T3-L1 pre- 
5 adipocytes with either a PPARy agonist or an LXRa agonist leads to fat accumulation and 
increased expression of LXRa. 

Treatment of human adipocytes with 22-R-hydroxy cholesterol 

Human adipocytes were obtained from breast reduction surgery. Pieces of adipose 

10 tissue (5-600 mg) were prepared under sterile conditions and used for incubations in plastic 
tubes essentially as described (Ottosson et al., 1994). 1 |jM Darglitazone, 5 jiM 22-(R)- 
hydroxy cholesterol or both was added for 48 hrs as indicated in the figure legends. PolyA+ 
RNA was isolated and subjected to Northern blot analysis (Figure 3). Both Darglitazone and 
22-(R)-hydroxy cholesterol treatment led to increased expression levels of LXRa mRNA with 

15 an additive effect. Hence, stimulation with a selective PPARy agonist or an LXRa agonist 
leads to upregulation of LXRa mRNA in human adipocytes. 

i 

Cells and reagent 

The 3T3-L1 cell line (ATCC) was maintained in DMEM supplemented with 10 % 

i 

20 fetal calf serum, 2 mM L-glutamine and penicillin/streptomycin at 37 °C. Cells were grown to 
confluence and exposed to adipogenic reagents for 3 days, followed by culturing for 3 more 
days in medium containing insulin only as described elsewhere (Lin and Lane, 1992). Insulin 
was used at a concentration of 1 ng/ml, dexamethasone at 1 \xM and isobutylmethylxanthine 
at 0.5 mM. 

25 

Preparation and analysis of RNA 

Total RNA from differentiated 3T3-L1 adipocytes or adipose tissue were extracted by 
the Trizol (Life Technologies, Inc.) method as recommended by the manufacturer. Northern 
blot analysis of RNA was performed as described earlier (Sorensen et al., 1994). 20 pg of total 
30 RNA was analyzed for LXRa and ribosomal protein 18S mRNA. 



i 
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Oil Red 6 staining 

Light microscopy and Oil Red O staining were used to monitor the characteristic cell 

i . 

rounding land lipid droplet accumulation in these cells during differentiation. Images were 
taken usihg a microscope (Leica DMIL) and a dual-colour charge coupled device camera 

i . 

5 (Leica MPS 60). 
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Claims: 

1 . A method of stimulating pre-adipocyte differentiation in a cell comprising administering a 
LXRa agonist to the cell, wherein the agonist stimulates pre-adipocyte differentiation. 

5 2. The rhethod of claim 1 , wherein the cell is a mammalian cell. 

• i, .. 

3. The method of claim 1 , wherein the cell is an adipocyte cell, a 3T3-L1 pre-adipocyte cell, 
or a 3T3-L1 adipocyte cell. 

10 4. The method of claim 1 , wherein the LXRa agonist is an oxidized derivative of cholesterol. 

5. The method of claim 4, wherein the derivative is selected from the group consisting of 
22(R)-hydroxycholesterol, 24(S)-hydroxycho1esterol, and 24,25 (S)-epoxycholesterol. 

15 6. The method of claim 1 , wherein the LXRa agonist is a thiazolidinedione compound. 

7. The method of claim 6, wherein the thiazolidinedione compound is selected from the group 
consisting of darglitazone, rosiglitazone, pioglitazone, or troglitazone, and their 
pharmaceutical^ acceptable salts. 

20 

8. A method of treating a disorder associated with aberrant pre-adipocyte differentiation, 
comprising administering a therapeutically effective amount of a LXRa modulator to a 
mammal, wherein the LXRa modulator stimulates pre-adipocyte differentiation. 

25 9. The method of claim 8, wherein the LXRa modulator is an oxidized derivative of 
cholesterol. 

10. The method of claim 9, wherein the derivative is selected from the group consisting of 
22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. 

30 

1 1 . The method of claim 8, wherein the LXRa modulator is a thiazolidinedione compound. 
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12. The method of claim 1 1, wherein the thiazolidinedione compound is selected from the 
group consisting of darglitazone, rosiglitazone, pioglitazone, or troglitazone, and their 
pharmaceutically acceptable salts. 

5 13. The method of claim 8, wherein the disorder is insulin resistance syndrome, dyslipidemia 
or type 2 diabetes. 

14. The method of claim 8, wherein the LXRot modulator is administered to the mammal in a 

i 

pharmaceutical composition comprising a pharmaceutically acceptable carrier or excipient. 

10 

15. A method of increasing the level of LXRa expression or activity in a pre-adipocyte cell, 
compri$ing administering a pharmaceutically effective amount of a LXRa modulator. 

16. The method of claim 15, wherein the LXRa modulator is an oxidized derivative of 
15 cholesterol. 

i 

17. The method of claim 16, wherein the derivative is selected from the group consisting of . 
22(R)-hydroxycholesteroI, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. 

20 1 8. The method of claim 15, wherein the LXRa modulator is a thiazolidinedione compound. 

19. The method of claim 18, wherein the thiazolidinedione compound is selected from the 
group consisting darglitazone, rosiglitazone, pioglitazone, or troglitazone, and their 
pharmaceutically acceptable salts. 



25 



30 



20. The method of claim 15, wherein the modulator is administered to a mammal. 

I 

21 . The method of claim 20, wherein the mammal has insulin resistance syndrome, 
dyslipidemia or type 2 diabetes. 

22. A method for identifying a compound that stimulates pre-adipocyte differentiation, the 
method comprising: 

providing a pre-adipocyte cell or a adipocyte cell comprising a LXRa regulatory 
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sequence operatively linked to a reporter gene; 

introducing a test compound into the cell; and 

assaying for transcription of the reporter gene in the cell, wherein an increase in 
transcription in the presence of the compound compared to transcription in the absence of the 
5 compound indicates that the compound stimulates pre-adipocyte differentiation in the cell. 

23. The method of claim 22, wherein the cell is a mammalian cell. 

24. The method of claim 23, wherein the cell is a 3T3-L1 pre-adipocyte cell, or a 3T3-L1 
10 adipocyte cell. 

25. The method of claim 22, wherein the reporter gene encodes a luciferase, a 
chloramphenicol acetyl transferase, a beta-galactosidase, an alkaline phosphate, or a 
fluorescent protein. 

15 

26. A method of identifying an agonist of LXRa comprising: 

contacting a LXRa protein, or fragment thereof, a LXRa coacti vator and a compound; 

and 

determining if the LXRoc protein, or fragment thereof, and the LXRa coactivator 
20 interact, wherein an interaction between the LXRa protein, or fragment thereof, and the LXRa 
coactivator indicates that the compound is a LXRa agonist. 

27. Trie method of claim 26, wherein the LXRa co-activator is a steroid receptor co-activator. 

25 28. A method of identifying an agonist of LXRa comprising: 

contacting a LXRa protein, or fragment thereof, a LXRa heterodimerization partner or 
fragment thereof, and a compound; and 

determining if the LXRa protein, or fragment thereof, and the LXRa 
heterodimerization partner, or fragment thereof, interact, wherein an interaction between the 
30 LXRa protein, or fragment thereof, and the LXRa heterodimerization partner, or fragment 
thereof, indicates that the compound is a LXRa agonist. 
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29. The method of claim 28, wherein the LXRa heterodimerization partner is a retinoid X 
receptor. 

30. Use of a LXRa modulator in the manufacture of a medicament for the treatment of a 

5 disorder associated with aberrant pre-adipocyte differentiation, wherein the LXRa modulator 
stimulates pre-adipocyte differentiation. 

3 1 . Use according to claim 30, wherein the LXRa modulator is an oxidized derivative of 
cholesterol. 

10 

32. Use according to claim 3 1 , wherein the derivative is selected from the group of 22(R)- 
hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. 

33. Use according to claim 30, wherein the LXRa modulator is a thiazolidinedione 
15 compound. 

34. Use according to claim 33, wherein the thiazolidinedione compound is selected from the 
group consisting of darglitazone, rosiglitazone, pioglitazone, or troglitazone, and their 
pharmaceutical^ acceptable salts. 

20 

35. Use according to claim 30, wherein the disorder is insulin resistance syndrome, 
dyslipidemia or type 2 diabetes. 

36. Use according to claim 30, wherein the LXRa modulator is administered orally, topically, 
25 intravenously, transdermally, rectally, or parentally. 

37. A pharmaceutical formulation for the use in the treatment of a disorder associated with 
aberrant pre-adipocyte differentiation. 

i 

30 38. A pharmaceutical formulation of claim 37, wherein the LXRa modulator is an oxidized 
derivative of cholesterol. 

39. A pharmaceutical formulation of claim 38, wherein the derivative is selected from the 

20 
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group of 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, and 24,25(S)-epoxycholesterol. 

| 

40. A pharmaceutical formulation of claim 37, wherein the LXRa modulator is a 
thiazolidinedione compound. 

5 

41 . A pharmaceutical formulation of claim 40, wherein the thiazolidinedione compound is 
selected from the group consisting of darglitazone, rosiglitazone, pioglitazone, or troglitazone, 
and their pharmaceutically acceptable salts. 

10 42. A pharmaceutical formulation of claim 37 r wherein th^ 
syndrome, dyslipidemia or type 2 diabetes. 

43. A pharmaceutical formulation of claim 37, wherein the LXRa modulator is administered 
orally, topically, intravenously, transdermally, rectally, or parentally. 

15 
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Abstract 

Here, we analyzed the expression of the three 
members of the retinoid-like orphan receptor (ROR) 
nuclear receptor subfamily during adipocyte 
differentiation. RORa and RORy mR NA were up- 
regulated during adipocyte differentiatio n in 
preadipocyte Pi and 3T3-L1 cells, w hereas ROR0 
mRNA could not be detected. The induction of RORa 
and RORy mRNA succeeded the induction of 
peroxisome proliferator-acti v ated receotnr v fPPA fVyr— 
and CCAAT/enhancer binding protein a an d occurred 

^at a similar time interval as did the increase in aP2 and 
lipoprotein lipase mRNA Like the expression of PPARy 
and aP2, t he induction of Rnq r mRNA was repressed 
by tumor n»<-rp «si s factor a an d transforming growth 
factor 0. The induction of adipogenesis by 

-jJrosTagTandin D2 and two thiazolidinediones in the 
multipotent stem cellvC3H10T1/2 was also 
accompanied by an induction in RORy mRNA. In 
contrast to parental cells, ciofibrate induces 
adipogenesis and RORa and RORy mRNA in BALB/ 
c3T3 ceils that ectopically express PPARy. RORy 
mediates its effect on transcription through specific 
response elements. Cotransfection of RORa or RORy 
and (RORy response element)«-chloramphenicol 
acetyltransferase into preadipocyte D1 cells Induced 
transactivation of chloramphenicol acetyltransferase 
abfluLl gP-fotd; s uggesting that P Q R p la v* 1 rol£ jg fh * 
rt > flt ,i a ti^» ft f go rt P expression in adipocytes. The 
nuclear orphan receptor Rev-ErbAa, which did not 
exhibit transactivation function, was able to inhibit^ 
jranyictiva tip " hy RORy at two different levels. O ur 
results show that RORy Is induced during adipocyte 
differentiation in D1 and 3T3-L1 cells and functio ns as 
an active transcription factor, s uggesting a role for 
**RORy in the regulation of gene expression during this 
differentiation process. 
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Introduction 

Adipocytes are specialized cells that play an important role in 
energy homeostasis in vertebrate organisms. White adipo- 
cytes efficiently synthesize and store triglycerides in times of 
caloric excess and can hydroiyze and release unesterified 
fatty acids during periods of nutritional deprivation (1, 2). A 
number of murine in vitro model cell systems have been 
developed to study the regulation of this pathway of differ- 
entiation (1). These studies have demonstrated that preadi- 
pocytes are stimulated to differentiate at confluence by in- 
sulin and dexamethasone and that this differentiation can be 
inhibited by TGF-0 2 (3, 4) and TNF-a (5, 6). Adipocyte dif- 
ferentiation is accompanied by the accumulation of fat drop- 
lets and alterations in the expression of many genes, includ- 
ing the fatty acid-binding protein aP2 (7), the serine protease 
adipsin (8), and several enzymes involved in triglyceride me- 
tabolism. 

The alterations in gene expression during adipocyte dif- 
ferentiation are regulated by a variety of transcriptional fac- 
tors belonging to different families. Several members of the 
nuclear receptor superfamily have been found to play an 
important regulatory role in the induction of adipocyte differ- 
entiation. This family includes the steroid hormone, thyroid 
hormone, retinoid rectors and orphan receptors, for which 
the ligand has not yet been identified (9. 10). One of the 
members, PPARy, was found to be highly expressed in adi- 
pocytes and induced early during adipocyte differentiation 
(11-13). Activators for PPARy that have been recently iden- 
tified include the antidiabetic drugs thiazolidinediones and 
l5-deoxy-A 12/u -PGJ 2 (14-17). The crucial role of this recep- 
tor was demonstrated by studies showing that retroviral ex- 
pression of PPAR? in BALB/c or Swiss 3T3 cells induces 
adipocyte differentiation after treatment with PPAR activa- 
tors (12). The importance of PPARy in gene regulation during 
adipocyte differentiation was further illustrated by the pres- 
ence of its REs in the 5'-promoter flanking region of several 
adipocyte-specmc genes (18. 19). The PPAR y- dependent 
transactivation is mediated through a heterodimeric complex 
of this protein with the nuclear retinoid receptOLB XB. thereby 
demonstrating the involvement of retinoid receptors in the 
control of adipocyte differentiation (19, 20). Recently. Rev- 
ErbAa, another member of the nuclear receptor family, was 
found to be induced during adipocyte differentiation of 
3T3-L1 cells; however, Its role in this process has yet to be 



'The abbreviations used are: TGF-0, transforming growth factor 0; 
TNF-o. tumor necrosis factor a: PPAR. peroxisome proWerator- activated 
receptor, PG. prostaglandin; RE. response element; RXR. retinoid X re- 
ceptor; C/tBP. CCAAT/enhancer binding prolan; LPU lipoprotein lipase; 
ROR. retinoid-like orphan receptor IBMX, 3-isobutyM -methyl xanthine; 
RT-PCR. reverie transcript ion-PCR; GPOH. gtyceraldehyde-3-phosphate 
dehydrogenase; EMSA, electrophoretic mobilrry shift assay: CAT. chlor- 
amphenicol acaiynransferase; tk, thymidine kinase; DBO. DNA-binding 
domain. 
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determined (21). Several other transcriptional factors, in par- 
ticular, members of the C/EBP family, have been reported to 
be important regulators of adipocyte differentiation. Ectopic 
expression of C/EBP0 has been shown to initiate adipocyte 
differentiation in NIH3T3 cells (22). Moreover, expression of 
C/EBPa has been demonstrated to promote adipocyte dif- 
ferentiation (22-26) and to cooperate with the PPARy recep- 
tor (12. 27). A member of the forkhead/HNF3 family has been 
reported to be increased during adipocyte differentiation and 
to be involved in the regulation of the LPL gene (28). 

Recently, our laboratory has identified a novel nuclear 
orphan receptor, referred to as RORy (RORC. Genome 
Database Nomenclature Committee; Ref. 29). which is a new 
member of the ROR (also named RZR) subfamily (30-32). 
Members of this family bind as monomers to REs that consist 
of the core motrf AGGTCA preceded by an A+T-rich region 
? »:<30, 32). Each of the ROR receptors exhibits a distinct tissue 
distribution. ROR a and RORy have been shown to be ex- 
pressed in many different tissues, whereas the expression of 
ROR0 appears to be restricted to the brain (29-32). To study 
their function, we examined the expression of RORs during 
differentiation of several in vitro cell sy stems. 

Here, we analyse the expression of members of the ROR 
family and, in particular, of RORy during adipocyte differen- 
tiation. We demonstrate that the expression of RORa and 
RORy correlates' very closely with adipocyte differentiation in 
two preadipocyte cell lines D1 and 3T3-L1. The induction of 
these RORs appears to succeed the induction of PPARy. 
suggesting that they may play a role in modulating gene 
expression at later stages of adipocyte differentiation rather 
than in the induction of differentiation itself. The observed 
opposing activities of the RORs and Rev-ErbAa receptors 
support the concept of cioss-talk and competition between 
overlapping receptor signaling networks during this pathway 
of differentiation. 

Results 

Expression of RORs during Adipogenesis. To study the 
regulation of the expression of RORa, ROR0, and RORy 
during adipocyte differentiation, the level of mRNA expres- 
sion was examined in logarithmic cultures of several fibro- 
blast and preadipocyte cell lines, as well as in confluent 
cultures maintained under differentiation- inducing condi- 
tions (5 days at confluence in the presence of dexametha- 
sone and insulin). Under these differentiation-inducing con- 
ditions, only cultures of 3T3-L1 and D1 cells u nderwent 
adipocyte differentiati on, and about ot iheTTr cells and 
45% of the 3T3-L1 cells contained fat droplets. The ad di- 
tional presence of 0.5 oim IBMX further stimulated differen- 
tiation in 3T3-L1 ceils and increased the number of fat - 
containing ceils to 95%; however, the addition of IBMX had 
little effect on adipogenesis in 01 cells (data not shown). The 
Di cells exhibited a faster rate of accumulation of fat droplets 
than d»d 3T3-L1 cells (data not shown). ROR0 mRNA, which 
has been reported to be highly brain specific (32), was un- 
detectable in all cell lines under both culture conditions (data 
not shown). BALB/c3T3 cells contained very low levels of 
RORa or RORy mRNA, whereas Swiss 3T3 cells expressed 
RORa but not RORy mRNA (Fig. 1). RORa was expressed at 



similar levels in Swiss 3T3 cells from the exponential growth 
phase and from cultures maintained at differentiation-induc- 
ing conditions. Both RORa and RORvmR N* yvgrg wnrlP""" 1 

able in undifferentiated 3T3-L1 DI c*M«; htrt werp px, — 
pressed in fl»fff f^nti^i^d rill* fFio. 1 A). In differentiated cells, 
RORa mRNA was expressed at about 10-fold lower levels 
than was RORy mRNA. Similar results were obtained when 
3T3-L1 cells were treated with dexamethasone and insulin in 
the presence of IBMX (Fig 1£) These results indicate that, 
except for Swiss 3T3 cells, the pattern of RORa mRNA 
expression is associated with the adipocyte phenotype. In 
particular, the pattern of RORy mRNA expression correlated 
very well with the expression of the adipocyte phenotype. 
This conclusion was supported by the observed correlation 
between the expression patterns of RORa and RORy mRNA 
and those of several genes known to be induced during 
adipocyte differentiation. The relatively high induction of 
RORy mRNA in differentiating 3T3 r L1 and 01 cells correlated 
well with that of the nuclear re^ pp 4 ™ ppar y r./FRPr* and — 
the fat cell d ifferentiatio n marker aP2 (F ig. 1). The PPARy 
mRNA was expressed about equally. in Di and 3T3-L1 cells, 
whereas the relative level of RORy mRNA was significantly 
higher in Di cells compared to 3T3-L1 cells. In mouse myor 
blast 3T3-C2-C12 cells, which can be induced to differenti- 
ate into myotubes. very low RORy mRNA expression was 
observed in both differentiated and undifferentiated cells 
(data not shown). 

Time Course of RORy mRNA Induction during Adipo- 
genesis. We next examined the time course of the induction 
of RORa and RORy mRNA to determine wither 1h * induc- 
tion occurs at an early or a lat e nt adi po n a nnttr 01 
cells were grown to confluence and then treated wrthiifijfcai- 
methasone and insul in. Fig. 2A shows the increase in the 
percentage of fat cells with time of treatment. A sharp in- 
crease in the number of adipocytes was observed after 2 
days of treatment. PPAR7 and C/EBPa . which have been 
reported to be inrlnrrrf PFirly ^ iriryr \ adipocyte differentiation 
(11. 26, 27), were induced in^p.1 prflrHipoiryfr'i ?4 h flftftrtte- 
addition of clrviimethrurnna nnrl inrytinjFig. 28). Thisjnduc- 
foawas followed by an enhancement in the level o^P2^nd 
(LPL^nRNA. Similar findings have been reported for 3T3-L1 
(T5^ A sharp increase in the expression ^ RPPV anH RnRv 
mRNA was ^Kcerve^t davs 2 and 3, respectively, at a time 
interval very similar to that for the induction of aP2 and the 
increase in the number of fat cells (Fig. 2). The level of GPDH 
mRNA, which was used as a control, was minimally affected 
during adipogenesis. The induction of RORa and RORy 
mRN A succeeded the increase in PPAR> and C/EBPa. sug- 
gesting tha t RORa and RORy may modulate gene expres~ 
ston al aHaTg SlaW ^cSitierentiation rather than play a role" 
in the in duction of adipocyte differentiation. 

EHect of TNF-a and on RORy and RORy Ex- 

pression. Several cytokines. if ""'" Hin g T ^F-fi1 ftQd TNF-o_ 
have been shown to inhibit adipocyte differentiation in 
3T3-U1 cells (3-6). Both TGF-01 and TNF-a blocked adipo- 
cyte differentiation in DI preadipocytes, as indicated by the 
lack of accumulation of fat droplets in the cells (data not 
shown). The block in adipocyte differentiation was confirmed 
by the lack of PPARy and aP2 mRNA induction. As shown in 
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«g. 1 . A. differential expression of RORa and RORy in sevenl fibf oblasi 
and preadipocyte bed lines. Cetis grown in the exponential phase (Lanes 
-) or maintained at confluence in the presence of dexamethasone and 
Insufin for 5 days (Lanes + ) were coKected. and total RNA was isolated. At 
the time of conection, 0% of the BALB/c and Swiss 3T3 cells. 45% of the 
3T3-L1. and 95% of the Dl cells contained fat droplets. 8. 3T3-L1 cells 
were treated with insulin, dexamethasone. and 0.5 mw IBMX for 5 days, as 
described in "Materials and Methods ." At the time ot collection. 95 % of 
the 3T3-L1 cells, contained fat droplets. RNA (30 m9) was then examined 
by Northern blot analysis using radiolabeled probes for RORa. RORy. 
PPARy. C/EBPa. aP2. and GPDH. In 8. the level of GPDH and RORa RNA 
was determined by RT-PCR because RORa is expressed as low levels 
and Northern analysis requires a 2 -week exposure. The difference in levels 
of GPDH mRNA between undifferentiated and differentiated 3T3-L1 or Dl 
cells m A is due to unequal RNA loading. GP0H mRNA expression does 
not change aignrficantfy during adipocyte differentiation (see Fig. 2). 
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FiQ. 2. Comparisons between the induction of RORa and RORy mRNA. 
adipocyte differentiation, and the induction of adipocyte- specific genes. 
Preadipocyte Dt oefts were grown to confluence and treated with dexam- 
ethasone and rtsufcn (day 0). A. at the indicated times, cells were stained with 
Oil Red O, and the number of adipocytes was determined, m duplicate 
dishes, cefts were collected, and total RNA was isolated. 8. RNA was exam- 
ined by Northern Wot analysis using radiolabeled probes for RORa and 
RORy. Blots were stripped and rehybndized with probes for PPARy. 
C/EBPa. aP2. and LPL A probe lor GPDH was used as a control for equal 
loading of RNA 
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Fig. 3. Effect oi TGF-01 and TNF-o on the expression of RORa and 
ROR> mRNA. Preadipocyte Di cells were grown to confluence, and then 
cultures were maintained in medium containing dexamethasone and in- 
sulin in the absence Of presence of TNF-o (5 nu) or TGF-01 (100 pm). After 
- 5 days o< treatment, cells were collected, and total RNA was isolated. RNA 
was examined: by RT-PCR (fop rwo rows) or Northern anatysis using 
pnmers or probes icy RORa and ROR-*. PPAR->. aP2, and GPOh. 



Fig. 3, both TGF-/31 and TNF-o suppressed the ex pression of 
RORo and RORy mrJNA (Fig. 3). These resufts lend further 
support for the conclusion that RORo and RORy expression 
is closely associated with the expression of the adipocyte 
phenotype in these cells. 

I nduction of RORy mRNA b y Antidtahgttc Drugs and 
Prostagla ndins. Recently, it was discovered that several 
thtazolidmediones. such as BRL49653 and pioglitazone, 
which have been used as antidiabetic druos. as well as 



l5-de7 ffv-* 12 -pr^ > ?t can bind PPARy and promote adipo- 
cyte differentiation in the murtipotent stem celts C3H10T1/2 _ 
(15-17). We. therefore, examined whether these agentsj*ere 
able to induce the expression of RORy in these cells. In 
agreement with previous findings (15), treatment of 
C3H10TV2 cells with BRL49653 and pioglitazone induced 
a ccumulation of lipid (data not shown) ano mcreaseo expres - 
sion of aP2J F;g. 4). This change in phenotype and gene 
expression was accompanied by an inducti on of ROR-y 



mRNA expression (Fig. 4). A similar result was obtained when 
cells were treated with 15-deoxy-A 12 14 -PGJ 2 or PGD 2 . 
which functions as a precursor of 15-deoxy-A 12 * w -PGJ 2 (Fig. 
4). However, the induction of adipocyte differentiation and 
RORy expression by 15-deoxy-A 12/l4 -PGJ a was very weak, 
most likely because of its instability in aqueous solutions. 
BRL49653 was the most effective in increasing the level of 
RORy mRNA, followed by pioglitazone, PG0 2 . and 15- 
deoxy-A 12 ,4 -PGJ 2 . RT-PCR could not delect any RORa 
mRNA in either treated or untreated C3H10T1/2 cells. These 



GPDH ' VfH-9d% 



NA B P D2 J2 

Fig. A. Induction of ROR> mRNA by antidiabetic thiazoWinediones and 
prostaglandins in C3HiOTi/2 cens. Confluent cultures were maintained in 
medium with dexamethasone and insulin in the absence (Lane NA) or 
presence of 1 n** each of BRL49653 (Lsne 0). pioQliuuone (Lane P). PGD 7 
(Lane 07). or 15-deoxy-V* 14 -prostaglandin J2 (Lane J2). After 7 days, 
cells were collected, and total RNA was isolated. RNA was then examined 
by Northern analysis using radiolabeled probes for ROR? and aP2. 



findings show tha t ^ctivation of PPAR? resutts in an increas( ) 
i n RORy mRNA expression and further strengthen thP nv- " 
pothesis that inducti on of RORy expression accompanies 
adipocyte differentiation in these cells. 

Ectopic Expression of PPARy in Balb/c3T3. Overex- 
pression of PPARy, followed by treatment with PPAR acti- 
vators, has been demonstrated to cause induction of adipo- 
cyte differentiation in several 3T3 cell lines, which normally 
are unable to differentiate (12. 18). To analyze whether con- 
stitutive expression of PPARy in BALB/c3T3 cells results in 
an induction of RORa and RORy. we infected BALB/c3T3 
cells with a retroviral vector expressing PPARy or with the 
control vector pBABE. After selection by puromycin, resist- 
ant cells were grown to confluence and treated with clofi- 
brate for 8 days. Cells were then examined for RORa and 
RORy mRNA expression. Like parental cells, BALB/c3T3 
cells transfected with the control vector pBABE were unable 
to undergo adipocyte differentiation in the presence of clo- 
fibrate, as indicated by the absence of fat droplets in the cells 
(data not shown) and the lack of detectable aP2 and PPARy 
mRNA expression (Fig. 5). These cells also did not express 
RORa and RORy mRNA. In contrast, clofibrate-treated cul- 
tures of 8 ALB/c3T3 - PPAR y cells also expressed, in addition 
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F*q. 5. Ectopic expression of PPARy in BALB/c3T3 ceWs induces RORa 
and RORy. BALB/c3T3 cells were infected with retroviruses carrying 
pBABE or pBABE- PPARy expression vectors, as described tn "Materials 
and Methods." Cells were grown to confluence and treated with dexa- 
methasone and insulin in the presence of dofibrate (100 >lm). After 5 days, 
total RNA was isolated and examined by Northern Wot analysis for ex- 
pression of PPARy. aP2. RORa. RORy, and GPDH mRNA. Lane 373 
BALB/c. ceils infected with 08 ABE: 3T3 BALBtc-PPARy. cells infected 
with pB ABE -PPARy. The transcripts of the endogenous and viral (trans- 
gene) PPARy gene are indicated at the right. 



to the transduced PPARy gene, the endogenous PPARy 
gene (Fig. 5). These cultures contained fat droplets (20-25% 
of the cells; data not shown) and did express aP2 mRNA, as 
reported previously (12). The induction of adipogenesis in 
these celts was accompanied by an increase in the levels of 
RORa and RORy mRNA (Fig. 5). These results demonstrate 
that activation of PPARy causes, either directly or indirectly, 
an induction of RORa and RORy mRNA. 

Cross-Talk between RORy and Rev-ErbAa. Recently, 
the expression of another nuclear orphan receptor, Rev- 
ErbAa, was reported to be up-regulated during adipocyte 



FtQ. 6. Coexpression of RORa. RORy. and Rev-ErbAa in 01 adipocytes. 
Cells were grown to confluence and then incuoated in the absence (Lane 
1) or presence of dexamethasone and insulin (Lane 2) or insulin and 100 
*<M dofibrate (Lane 3). tn both cases, about 85 H of the ceils contained fat 
droplets. After 5 days, cells were coAected and total RNA isolated. RNA 
was examined by Northern blot analysis using 13 P -labeled probes for 
GPDH. aP2. RORa. RORy. and Rev-ErbAa. 



differentiation of 3T3-L1 cells (21). As reported for 3T3-U 
r*»iiR Rpv-FrftA/» mRNA is also induced during adipocyte 
differentiation of 01 cells (Fig. 6). In contrast to Di cells 
maintained at confluence in the absence of differentiation 
inducers, confluent cultures treated with insulin plus dexa- 
methasone or Insulin plus dofibrate did express Rev-ErbAa 
mRNA. in addition to RORa and RORy mRNA. 

Because RORy and Rev-ErbAa have been reported to 
bind to similar REs (33, 34), we investigated the possibility of 
an interaction between these two receptor signaling path- 
ways by analyzing their binding and transactivation proper- 
ties. Recently, we characterized the consensus RE optimal 
for binding RORy. referred to as RORy-RE. and showed that 
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it consists of TAAGTfeGGTC^T (33). In Fig. 7. we compared 
the ability of RORa, RORy. and Rev-ErbAa to bind to and 
transactivate through RORy RE. RORa, RORy, and Rev- 
ErbAa were all able to bind to the ROR-y-RE, as demon- 
strated by EMSA analys ts (Fig. 7 A). However, in contrast to 
RORa and RORy, Rev-ErfcAa was unable to induce tran- 
scription of the CAT reporter via RORyRE (Fig. 7S), in agree- 
ment with previous reports (33-35). These results imply that 
RORs and Rev-ErbAa would be able to compete with each 
other for binding to the same RE. and because Rev-ErbAa 
does not exhibit transact! vat ion function, it would inhibit 
RO R-r mediated transactivation. The latter was verified by 
the experiment shown in Fig. 8A, which demonstrates that 
the RORy dependent transcription was repressed bv in- 
c reasing levels of Rev-ErbAa expre ssion. These results in- 
dicate that, under the conditions used, the antagonism be- 
tween Rev-ErbAa and RORy is at least in part due to 
c ompelition for the binding to RORy- RE . This conclusion is 
in agreement with recent studies describing the dominant- 
negative action of Rev-Erb (34-38). 

The interaction of nuclear receptors with the basal tran- 
scription machinery is dependent on its association with 
intermediary proteins with different functions, including re- 
pressor, coactivator, or integrator functions (39-43). These 
intermediary factors can interact with and compete for dif- 
ferent nuclear receptors. Therefore, competition between 
Rev-ErbAa and RORy for binding to common intermediary 
factors may be an additional mechanism involved in the 
suppression of the RORy-induced transactivation by Rev- 
ErbAa. This hypothesis is supported by the experiment de- 
scribed in Fig. SB, which shows that, in 01 celis. the induc- 
tion of GAL4-dependent transcriptional activation of CAT, 
mediated by a GAL4(DBD^RORy fusion protein, can be sup- 
pressed by increasing levels of Rev-ErbAa expression. 
These results suggest that Rev-ErbAa can antagonize 
RORy- mediated transactivation through a mechanism other 
than competition for RORyRE binding (Figs. 7 and BA). The 
antagonistic effect of Rev-ErbAa on RORyinduced transac- 
tivation may, in part, be explained by the squelching of 
transcription intermediary factors that are required for RORy 
mediated transactivation. Our resutts indicate that cross-talk 
between these orphan receptors may occur at more than one 
level. I 

We next analyzed the ROR 7- RE -dependent transactiva- 
tion of the CAT reporter gene by endogenous nuclear recep- 
tors at different stages of differentiation of Di cells. As shown 
in Fig. 9, the RORy RE -dependent transactivation increased 
dramatically after 2 days of treatment with differentiation 
inducers. This time interval coincides with the increase in 
RORa and RORy expression observed in Fig. 3. These re- 
sutts indicate that transactivation through RORyRE is reg- 
ulated in a differentiation-dependent manner. This enhanced 
transactivation might at least in part be attributed to in- 
creased RORa and RORy expression. 

Discussion 

Many nuclear receptors play an important role in the control 
of gene expression during cellular differentiation (9, 10). To 
determine the functions of the nuclear orphan receptor 
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Fig. 7. Comparison of ROR-rRE-oependent transact ivat ton and 
ROR-r- RE binding by RORa, RORy. and Rcv-ErbAo in pr ©adipocyte 01 
cells. A, binding of m vitro translated RORa. RORy. and Rev-ErbAa to 
"P-labeted RORy RE was determined by EMSA. The samples in the 
second' through fourth Xanes were incubated in the presence of 5-. 25-. 
and i00-fo*d excess of unlabeled ROR-r RE, respectively. B. cells were 
transiently transfected with lectin- LUC. tne (ROR-r RE)«-tk-CAT reporter 
piasmid and an expression vector encoding RORa. RORy. or Rev-ErbAa 
using Upof eclamine. After 48 h. ceils were collected and assayed for CAT 
and k>crf erase activity, as described in "Materials and Methods. - CoV- 
unvu, relative CAT activities. Bars. SO. 
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Fig. 8. Cross-talk between the RORt and Rev-ErbAa receptor signaling 
pathways in preadJpocyte D1 cells. A. inhibition oi ROR>-R£ -dependent 
transact rvation by Rev-ErbAa. Cells were plated in growth medium and 
were transfecied the next day with 0-actin-LUC, the (RORrR§4-t*-CAT 
reporter piasmkJ. and an expression vector encoding RORy using Lipo- 
(ectamine. as described in 'Materials and Methods." Cells in separate 
dishes were ootransfecied with increasing amounts of the Rev-ErbAa 
expression pUsmid. B, inhibition of GALtDBOV-RORy mediated transac- 
tivation by Rev-EroAa. 01 cells were transfecied with GAUDBD)-RORt. 
PG5CAT. and with p-actirvLUC. as described above. Cells in separate 
dishes were cotransfected with increasing amounts C*g) of Rev-ErbAa 
expression pUsmid. Forty-eight h after transfection. cells were collected 
and assayed for CAT and kjcrf erase activity. Columns, relative CAT ac- 
tivities. Bars. SD. 



RORy. we examined its expression during cellular differen- 
tiation of several in vitro cell systems. Here, we describe the 
differential regulation of RORy expression during adipocyte 
differentiation and provide evidence for cross-talk between 
RORy and other nuclear receptor signaling pathways. RORy 
mRNA is undetectable in undifferentiated D1 and 3T3-L1 
preadipocytes and ! becomes expressed when these cells 
undergo differentiation into fat cells. RORy is not expressed 
in Swiss and BALB/c3T3 cells, which do not undergo differ- 
entiation, grown either in the exponential growth phase or 
under conditions that allow adipogenesis in D1 and 3T3-L1 




tru. • D*x. 



Fig. 9. RORy RE -dependent transact ivation by endogenous nuclear re- 
ceptors. Di cells in the exponential growth phase (profit.), confluent 
cultures (Conf*.). and confluent cultures at differ ent stages of differentiation 
(treated with insulin and dexamethasone {Ins. ~ Dex.) for 2. 4. and 5 days) 
were iransientry transfected wHh 0-actin-LUC and the (RORyRE^-tk* 
CAT reporter piasmids using Upofectamine. Cells were collected and 
assayed for CAT and luciferase activity, as described in 'Materials and 
Methods. - Columns, relative CAT activrt»es. In a separate control exper- 
iment, tk-CAT was measured at different time points dunng adipocyte 
differentiation and found lo remain low and not change significantly fless 
than 2-fold) over the time course. Ban. SD. 



cells. RORa showed a very similar pattern of induction during 
adipocyte differentiation as RORy; however, in contrast to 
RORy, it was expressed at about the same level in both 
logarithmic and confluent cultures of Swiss 3T3 cells. The 
link between RORa and RORy expression and the adipocyte 
phenotype was confirmed by the observed inhibition of 
RORy mRNA induction by TNF-a and TGF-0, two known 
inhibitors of adipocyte differentiation (3-6). Moreover, we 
recently reported that the repression of adipocyte differenti- 
ation by retinoids is accompanied by inhibition of PPARy. 
RORa, and RORy expression (44). In addition, thiaxo- 
Winediones. PGD 2 , or 15-deoxy-V 2 W -PGJ ? . which have 
been reported to activate PPARy and induce fat cell differ- 
entiation in the mesenchymal stem cells C3H10T1/2 (15-17). 
increase RORy mRNA expression (Fig. 4). The expression 
and activation of PPARy has been demonstrated to play a 
critical role in the commitment of cells to undergo adipocyte 
differentiation (12-14). This became evident in studies show- 
ing that ectopic expression of PPARy in BALB/c3T3 cells 
enables them to undergo adipocyte differentiation after treat- 
ment with clofibrate (1?). As shown in Fig. 5, activation of 
PPARy in these cells results in an induction of RORa and 
RORy mRNA. Whether RORa or RORy are putative target 
genes for PPARy and/or C/EBPa regulation awaits the char- 
acterization of the regulatory regions of these genes. 

Analysis of the time course of the* induction of RORa and 
RORy mRNA indicates that the expression of these orphan 
receptors is increased at a very similar time as aP2, a late 
marker for adipocyte differentiation. These results show that 
the induction of RORa and RORy is not an early event and 
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suggest that these receptors may ptay a role in the modula- 
tion of gene expression at a late stage of adipocyte differ- 
entiation rather than in the commitment or initiation of adi- 
pocyte differentiation. 

The members of the ROR subfamily have been reported to 
bind as _monom ers to RE s that con si st of a single core motif_ 
preceded by a 5-bp A+ i-nch regton (30, 32. 33). Recently, 
we characterized tne consensus sequence of 1 the RE (RORy- 
RE) for t he RQR v receptor (33) and showed that H consists of 
AAT CaKgGTCA^ RQR> is able to induce RORy-RE-depend- 
ent transactivation of the CAT reporter gene in preadipocyte 
Oi cells very effective^. RORa, which is also induced during 
adipocyte differentiation, can also bind RORy-RE and in- 
crease ROR-rRE-dependent transactivation in 01 cells. Al- 
though RORa and RORy can bind to similar elements, these 
receptors appear to possess different affinities for slightly 
different RORs, resulting in the regulation of different target 
genes. It ts likely that th e ^ran<; r npt i nnif nr tin if j of-ROftg !■ 
controlled by their interaction wi th a liqand and/or postlran- 
s ^riptional modifications through second messenger-acti- 
vated signaling pathways. Identification of the signal or li- 
gand that modulates the activity of RORy will provide an 
important tool in elucidating the mechanism by which RORy 
controls gene expression. 

Cross-talk between different nuclear receptor signaling 
"pathways has been demonstrated for various members of 
the nuclear receptor superfamily (12, 37, 45). Here, we pro- 
vide evidence for an interaction between the JORy and 
Rev-Erb signaling pathwa ys. We show that, in addition to 
RORo and RORy. differentiating D1 cells start to express the 
nuclear orphan receptor Rev-ErbAo, in agreement with pre- 
vious observations in 3T3-L1 cells (21 ) % Whereas all three 
receptors are able to fcind to the ROR-rRE, as shown by 
EMSA, only RORa ana 1 RORy induce RORyRE-dependent 
transcription of a CAT reporter gene in preadipocyte D1 cells. 
Rev-ErbAa appears to be transcriptionally inactive (Fig. SB) 
and is able to repress the transactivation mediated by RORa 
and RORy in preadipocyte D1 cells. The antagonism be- 
tween these receptor signaling pathways is likely due, at 
least in part, to competition for binding to the RORt RE. This 
conclusion is in agreement with the reported inhibition of 
RORa-mediated transcriptional activation by Rev-Erb in 
CV-1 cells (37) and its dominant-negative effect in C2C12 
cells (35, 38). The transcriptional repression by Rev-ErbAa 
has been shown to involve the signature motif and helix 5 in 
its ligand-binding domain (46). Our results also suggest that 
Rev-ErbAa could inhibit RORy-mediated transactivation 
through an alternative mechanism that involves competition 
for binding to common transcription intermediary factors 
(squelching). 

The RE (ROR7-RE) used in this study was selected for 
optimal binding to RORy (33). However, the REs in target 
genes are variable and likely exhibit different affinities for 
RORa and RORy and Rev-ErbAa. Differences in ONA-bind- 
ing activity between these receptors might determine 
whether Rev-ErbAa is able to antagonize the transactivation 
of a particular gene by RORs or not. Such differences may 
also be important in determining which genes are regulated 
by RORa or: RORy. The observed correlation between the 



increase in RORy-RE-dependent transactivation and RORa 
and RORy expression during differentiation of Dl cells (Figs. 
3 and 9) appears to support the concept that this type of 
transactivation plays a role in the regulation of specific genes 
at later stages of adipocyte differentiation. In addition, it 
suggests that the antagonism between ROR and Rev-ErbAa 
may only be involved in the regulation of certain specific 
genes, of which the RE has a higher affinity for Rev-ErbAa 
than do RORs. The importance of these opposing receptor 
activities may become clear when target genes for these 
receptors are identified. 

Materials and Methods 

Materials. Human TNF-a and human TGF-01 were purchased from RAD 
Systems (Minneapolis. MN). The antidiabetic drugs piogliiaione and 
BRL49653 were obtained from Or. J. Lehmann (Glaxo-Wellcome. R*-. 
search Triangle Park, NC). PGD, and 15^deoxy-A ,s ,- -PGJ 2 were Q J 
chased from Cayman Chemical (Ann Arbor. Ml). 

Cell Culture. Mouse fibroblast Oi cells were described previously 
(47). Balb/3T3. Swiss 3T3. NIH3T3. C3H10T1/2, and 3T3-L1 cells were 
obtained from American Type Culture Collection (Rockville. MO). The 
mouse myoblast cell line 3T3-C2C12 was obtained from American Type 
Culture Collection. Alt celts were grown in RPMi 1 640 or DM EM containing 
10% fetal bovine or calf serum (Atlanta BKXogicals, Atlanta, GA) in the 
presence of penicillin and streptomycin. To induce adipocyte differentia- 
tion, cultures were grown to confluence and then treated with 1 *lm 
dexamelhasone and 10 ^g/ml insulin, unless stated otherwise. In certain 
instances, cells were treated with dexamethasone. insulin, and 0.5 rrw 
I6MX. The number of adipocytes were determined after Oil Red O stain- 
ing. 

Plasmids. The expression vectors oCMXRORai and Rev-ErbAo were 
obtained from Drs. V. Giguere (McGtfi University. Montreal. Owe bee. Can- 
ada) and M, Laxar (University of Pennsylvania. Philadelphia. PA), respec- 
tively. The ptasmid mRORy-p2eoSV was constructed by inserting a Spel- 
Xnol fragment of mRORy-BSK (33) into the expression vector pZeo-SV 
(invttfogen, San Diego. CA). The reporter piasmid (RORy-RE)«-tk-CAT 
was constructed by inserting a chemically synthesized oligonucleotide 
containing four repeats of the consensus RORy-RE. (GGTAAGTAGGT- 
CAT) A , into the pBLCATS vector (48). The expression vector GAL4(DBD)- 
RORy encoding the fusion protein GAL4(0B0)-RORy (amino adds 40* 
516) was constructed by cloning the SamHI-Hindlll. 1.8-kb fragment c* . 
mRORy. including the hormone- binding domain, info the pu express* J 
vector (Oontech, Palo AJ10. CA) containing the GAL4{DBD). GAL4(D6D),' 
containing amino acids 1-147 of the yeast transcript ionai factor GAL4 
(including the DBD). was finked to the NH 2 terminus of the truncated 
mRORy. 

Northern Blot Analysis, Total RNA was isolated from cultured cells 
using Trt Reagent (Sigma Chemical Co.. St Louis. MO), according to the 
manufacturer's protocol. Total RMA (30 mO) was electrophoresed through 
a formaldehyde agarose gel as described (49. 50). Wotted to a Nytran 
membrane (Schleicher & Schuell; Keene. NH). and UV cross-linked. Hy- 
bridizations were performed for 1-2 h at 66*C using OuikHyb reagent 
(Stratagene, La Jolla. CA). and blots were washed twice with 2x SSC- 
0.05% SDS at room temperature for 15 mm. The final wash was with 0.5 * 
SSC-0. 1 % SOS at 65*C for 30 min. Auloratfography was carried out with 
Kodak X-Omat AR film ai -70"C using double rrt ens flying s creen s. The 
mRORy was excised from pBiuescript S/K- clone 5 containing the fuO 
coding region of mouse RORy (33). Plasmids containing Inserts encoding 
aP2. PPARy. IPC and C/EBPo were obtained from Drs. B. M. Soiegeiman 
(Dana-Farber Institute. Boston. MA) and R. Brent (NIH. Bethesda, MO) and 
K. G. Xanthopoulos (NIH. Bethesda. MD). respectively. A 1 .26-kb frag- 
ment of the chicken GPDH gene (51) was used as i control probe. 
Expression plasmids containing Rev-ErbAo or RORal were kindly pro- 
vided by Drs. M. A. Lazar and V. Giguere. respectively. 

RT-PCR. Because detection of RORa mRNA by Northern blol analysis 
required long exposure times (2 weeks), an RT-PCR assay was developed 
and used in later studies. RT-PCR was carried out using 0.1 »*g of total 
RNA and a GeneAmp" RNA PCR kit (Perkin-Elmer Corp.; Foster City. CA) 
and RORa-specific primers 5 ' -GCTTCT ACCTGGACATC (upstream) and 
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5 -ACACAGCTGCCACATCACCT (downstream) and the GPDH- specific 
primers 5 ' -TGAAGGTCGGTGTGAACG G- ATTTGGC end 5-CATGTAG- 
GCCATGAGGTCCACCAC. obtained from Ckxitech. PCR was pefformed 
at 2.0 m- MoO, for 30 cycles. 

Transient Trantf action. Preadipocyte 01 cells were trypsiniied and 
plated in six-well dishes in complete growth medium. The next day, ceils 
were cotransfecled with 1.0 mO of (R0Ry-RE) 4 -tk-CAT and 0.5 nQ of 
mRORy-pZeoSV. pCwxRORoi. or Rev-ErbAa. unless stated otherwise, 
using Upofectamine (Life Technologies. Inc.) in medium without antibiot- 
ics and seorm. 3 -Act in -LUC piasmid ON A (0.5 m£) was used as an interna! 
control to monitor transection efficiency. After 5 h, medium was removed, 
and certs were incubated in complete growth medium for another 48 h. 
Celts were harvested and assayed for lucrferase and CAT activity. Lucrf- 
erase actrvrty was determined using (he lucrferase assay kit from Pr omega 
(Madison. WT). CAT ici.vrry was determined using a CAT-EUSA kit from 
Boerrii^ger-Marv>he«Ti (Indianapolis. IN). All experiments were done at 
least twice and performed *n triplicate. In a second series of experiments. 
GALafOBOhROR? piasmo DMA was transfected in fibroblast 01 cells, as 
described above, with pG5CAT (Ctontech). which contains five GAL 4 
b*nd«ng sites In from of me E 1 B minimal promoter and CAT reporter gene, 
m separate dishes, cefts were cotransfecled with the Rev-ErbAa expres- 
sion vector. 

EMSA. The SP6 Rna coupled reticulocyte lysate system (Promega) 
was used to synthesize mRORi protein from mRORy-pZeoSV. The T7 
RNA coupled reticulocyte lysate system was used to synthesize RORa 
and Rev-ErbAo protetn from pCMXRORal and Rev-ErbA<x.The RORy-RE 
was end-labeled wnri ^p.^ATP py T4 polynucleotide kinase (Promega). 
Approximately 0.2-0.5 ng (50.000 cpm) of the probe was used in a binding 
reaction with 2 m< of programmed reticulocyte lysate in a buffer containing 
20 mu HEPES (pH 7.9, 50 mv KCl. 2.5 mu MgCl,. 1 m u DTT. and 10% 
glycerol. To preverrt nonspecrfic binding, 1 ug of pory(dl-dC). 1 m0 Of 
salmon sperm DMA and 0.5 M g of single- strand, nonspecrfic oligonucleo- 
tide were included in the reaction buffer. The programmed fysales were 
first incubated with reaction buffer for 10 mm at room temperature and 
then for 30 min in the presence of the radiolabeled probe, with or without 
competitor. The receptor -nucleotide complexes were separated on a 5% 
nondenaturing poh/acryttrnide gel containing 0.5 x Trts- borate EDTA. 

Stable Tranaf action of PPARy. The expression plasmids pBABE and 
pBABE-PPAR-v were kindly provided by Or. B. Sptegeiman. BOSC23 cells 
(Dr. D. Bartimore. Rockeleiie^Universrry. New York, KTY) were transfected 
with pBABE-PPAflv or pBABE using the calcium phosphate coprecipfta- 
ton procedure. Wal supernal ants were harvested 48 h after transaction, 
as described previous* (12). BALB/c3T3 cells were infected with retrovi- 
. ruses and then selected in medium containing puromycin (5-8 ^Q/mT). 
Selected cells. BAL8/c3T3 - pBAB E. and BALB/c3T3- PPARy were grown 
to confluence and then treated with insulin and dexamethasone in the 
presence or absence of 100 ^ dofibrate (Sigma). 
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ABSTRACT Rev-erba belongs lo the nuclear receptor 
superfamily, which contains receptors for steroids, thyroid 
hormones, retinoic acid, and vitamin D, as well as "orphan" 
receptors. No ligand has been found for Rev-erba to date, 
making it one of these orphan receptors. Similar to some other 
orphan receptors, Rev-erba has been shown to bind DNA as 
a monomer on a specific sequence called a Rev-erba respon- 
sive element (Rev RE), but its transcriptional activity remains 
unclear. In this paper, we characterize a functional RevRE 
located in the human Rev-erba promoter itself. We also 
present evidence that (i) Rev-erba mediates transcriptional 
repression of its own promoter in vitro, (ii) this repressing 
effect strictly depends on the binding of Rev-erha to its 
responsive element and is transferable to a heterologous 
promoter; and (Hi) Rev-erba binds to this responsive sequence 
as a homodimer. 



Nuclear receptors arc transcription factors that provide a 
direct link between an extra- or intracellular signaling mole- 
cule and the transcriptional response (1). These nuclear re- 
ceptors have a structural organization based on modular 
domains: from the amino to the carboxyl terminus, these arc 
the variable A/B domain important for transactivation; the 
highly conserved C domain involved in DNA binding and 
dimcrization; the D domain, which is a flexible hinge: and the 
large and moderately conserved E domain, which carries out 
several functions such as ligand binding, dimcrization, and 
ligand-dependent transcriptional regulation. In addition to 
receptors for known ligands, this superfamily also contains 
receptors for which no specific ligand has yet been found (1,2). 
These "orphan" receptors could either be receptors for ligands 
that have yet to be discovered or receptors that actually have 
no ligand and act as constitutive transcription factors, which 
would be controlled, like NGFTB, at the expression level (3). 
Whereas most nuclear receptors bind DNA as homo- or 
heterodimers to tandem repeats of the core sequence AG- 
GTCA (1, 4-6), an increasing number of orphan receptors 
(NGFIB, FTZ-FI, RZR) have been shown to bind preferen- 
tially to their response element as monomers (7-11). 

The Rev-erb genes encode two highly related orphan re- 
ceptors named Rev-erba and Rev-erb/3. To dale, little is 
known about their function: Rev-erba is expressed in numer- 
ous adult tissues and is induced during adipocyte differentia- 
tion (12). In contrast, Rev-erb/3 is mainly expressed during the 
development of the nervous system, with a striking distribution 
in the floor plate of the neural tube (13). It has recently been 
shown that both Rev-erba and Rev-erb/3 bind to the Rev-erba 
A A A 

responsive element RevRE;— A— NT—-GGTCA) as a monomer 
T T G 

(14). However, contrary to other orphan receptors for which 
the transcriptional activity is well established (NGFIB, FTZ- 
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Fl, or RZR), this function remains controversial for Rev-erba 
( 14 ~ 18 >- 

To gain insight into this important aspect of Rev-erba 
function, we studied its transcriptional activity on the natural 
RevRE found in the human Rev-erba promoter gene. In this 
paper, we show that through this RevRE, cither placed in its 
natural promoter context or when transferred upstream of the 
simian virus 40 (SV40) promoter, both Rev-erba and Rcv-crh-0 
exhibit transcriptional repressing activity. Furthermore, we 
show that Rev-erba is able to bind to this responsive clement 
as a homodimcr. 

MATERIALS AND METHODS 

Primer Extension Analysis. Primer extension analysis was 
performed following rcf. 19. Briefly. 5 fig of total HcpG2 RNA 
was denatured at SOX for 3 min and annealed at 65 C C to a 
5'-end-labeIcd primer. Reverse transcription was carried out at 
37°C Tor 45 min with 500 units of Moloney murine leukemia 
virus reverse transcriptase (BRL). Extended fragments were 
resolved on a 6% denaturing gel. 

Constructs. The 2-kb EcoRl-BatnHl genomic fragment was 
prepared from the AE2A3 genomic phage by partial digestion 
and subcloned and sequenced into the pBIucscript II SK ( + ) 
vector (Stratagcne), giving rise to the 2-kb pBSK construct. 

pRcv-erbiAVT was constructed as follows: a l~.46-kb Eco- 
RV-S.V/ I fragment of the 2-kb pBSK construct was cloned 
between the Stmt I and Sst I sites of the pG L2- Basic vector • 
(Promcga), giving rise to L46-kb pGL2. The 3' portion of the 
promoter, extending from nt 1430 to nt 1733 was amplified by 
PGR and cloned into the pGEM-T vector (Promcga). The 
resulting construct was digested with Sst I and Sal 1 and was 
inserted between the Sst I and Xho 1 sites of the I.46-kb pGL2 
construct, giving rise to pRcv-erbaWT. pRev-erbaA and 
pRcv-erbaCCC were constructed following the same strategy 
except that the desired Rp mutation was introduced by internal 
mutated primers during the PCR. 

The pRev-erbaSl and pRcv-erba52 vectors were con- 
structed by PCR: promoter fragments, extending from nt 975 
to nt 1733 and from nt 1038 to nt 1733, respectively, were 
amplified by PCR and cloned into the pCRII vector (Invitro- 
gen). EcoRV-Bam HI fragments were prepared from these 
pCRII vectors and subcloned into the pGL2-Basic vector 
digested with Sma 1 and Bgl IT. pRev-erbaASl was constructed 
by replacing the Sst \-Kpn I fragment of pRev-erbaSl by the 
Sst \-Kpn I fragment prepared from pRev-erbaA. 

p Rev-erba WTinv was constructed by subcloning the 1 .64-kb 
Xho \-Ssp I fragment of the 2-kb pBSK construct between the 
Sma I and Xlio I sites of the pGL2-Basic vector. pRev- 
erbaSAsp and pRev-crba£Ssp were derived from pRev- 



Abbrcviations: RevRE. Rev-erba responsive element; SV40, simian 
virus 40. . 
The sequence reported in this paper has been deposited in the 
Gen Bank data base (accession no. X95536). 
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crbuSI digested, respectively, with XJw I and Asp7\S or with 
XJw 1 and Ssp I sites that were blunt-ended before ligation. 

pWT-SV40 and pA-SV40 were obtained by subcloning Sst 
1-Asp7\8 fragments prepared, respectively, from pRev- 
erbaWT and pRcv-crbaA between the Sst I and XJw I sites of 
the pGL2- Promoter vector (the Asp7\$ and XJw I sites were 
blunt-ended). 

pRcvDR2, pRcvDR2M5\ and pRevDR2M3' were con- 
structed as follows: the following oligonucleotides carrying 
BamHJ and Bgl II restriction sites were concatcmcrized (mu- 
tated nucleotides arc underlined) and ligated into the BamHl 
site of pBluescript II SK ( + ). 

5'-GATCCGGAAAAGTCTGTCACTGGGGCACGA-3' 

(RevDR2 sensed) i 

5 , -GATCTCGTGCCCCAGTGACACACTTTTCCG-3' 

(RevDR2 sense-) | 

5'-GATCCGGAAAAGTCCrAGCCTGGGGCACGA-3' 
(RevDR2M5' scnsc + ) 

5-GATCTCGTGCCCCAGQCIA£iQACTTTTCCG-3' 
(RevDR2M5" sense-) 

5 -GATCCGGAAAAGTGTGTCACTCCTAGCCGA ,V 
(RevDR2M3* sense + ) 

5 ' - G ATCTCG riCT AG G A GTG AC AC A CTTTTCCG -3 ' 
(RevDR2M3' sense-) 

The number and orientation of cloned monomers were deter- 
mined by sequencing. Dimcrs were subcloncd between the Kpn 
\-Sst 1 sites of the pGL2-Promotcr vector. 

pR EVER Bfv was constructed by inserting the 2. 1 -kb EcoR I- 
-Bam\U fragment from pSP65 between the EcoRl and BamUl 
sites of pSG 5 (20). pREVERBa-(l-236) was constructed by 
replacing the XJw l-Bg/ II fragment of pREVERBa with an 
XJw \-Bgl II PCR fragment coding for a domain from Scr-200. 
to Pro-236 that carried an in-frame. stop codon. 

pSVREVFulI and pSVREV236 arc pSG 5 -bascd vectors, 
encoding proteins extending from Thr-2 to Glu-614 and from 
Thr-2 to Pro-236, respectively, fused to a peptide composed of 
the hemagglutinin epitope and the SV40 nuclear localization 
signal. 

All PCR-derivcd constructs were sequenced. 

Cell Transfeetiqn and Reporter Assays. One day before 
transection, one confluent 100-mm dish of HepG2 cells was 
split onto two six -well plates. Plasmid DNA was transfected 
using Lipofcctaminc (BRL). The transfection medium was 
replaced by DMEM containing 10^ fetal calf serum (BRL) 6 
h after addition of the liposomc-DNA complex to the cells. 
Cells were lyscd 48 h or 72 h after transfection (as indicated), 
and an aliquot was assayed for lucifcrase activity. Cotrans- 
feeted pRSVCAT allowed transfection normalization. In all 
cases, chloramphenicol acetyltransfcrasc (CAT) activity did 
not vary by more than 15Q from point to point within a single 
experiment. All transfection experiments were performed at 
least three times and gave similar results. Results arc presented 
as the mean ± SD. 

Electrophoretic Mobility Shift Assay. The 73-bp WT and A 
probes were prepared from pRev-crbaWT and pRev-erbaA 
digested with Sst I and Asp7\8. RevDR2, RevDR2M5\ and 
RevDR2M3' oligonucleotides arc described above. The probes 
were labeled using the Klenow fragment of DNA polymerase 
or polynucleotide kinase and purified on a polyacrylarnide gel. 
Proteins were expressed using the TnT reticulocyte lysate kit 
(Promcga). The protcin-DNA interactions were carried out 
for 30 min at 4°C with 0.5 ng of probe ( = 20,000 cpm) in the 
following buffer: 0.5%. glycerol, 60 mM KG, 1 of bovine 
scrum albumin, 30 mM Hepcs (pH 7.5), 1 mM dithiothreitol, 
0A% Triton X-100, and 60 ng of poIy(dl-dC). Competition 
assays were carried out with the followinq oligonucleotides: 
WT, 5 ' -CG CGTG AAA AGTGTGTC A G ATCT-3 ' (sense +) 
and 5'-GATCTGACACACTTTTCA-3' (sense -); A, 5'- 
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CGCGTG AAA AGT CCTAGC AG ATCT-3 ' (sense +) and 
5 '-n ATrT GCTAGG ACTTTTC A 3' (sense Competition 
oligonucleotides were added simultaneously with the labeled 
probes at the indicated molar excess. Complexes were run on 
a 4% acrylamide gel containing 0.1% Triton X-100 for 3 h at 
200 V at 4 C C. 

RESULTS 

Characterization of the Human Rev-erba Promoter. To 

isolate the Rev-erba promoter, we established a restriction 
map of the AE2A3 phage that contains the 5' portion of the 
published human Rev-erba cDNA (20-22). The 5' region of 
this phage contains a 740-bp EcoRl fragment linked 5' to a 
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Fig. I. Characterization of the human Rcv-erbor promoter. (A) 
Localization of the 2-kb EcoRl-BamHl fragment within the AE2A3 
genomic phage. The primer used for primer extension and the RNasc 
protection probe arc depicted. The resulting extended fragments and 
protected fragments arc shown. (B) Primer extension experiment. Two 
samples of HepG2 total RNA, as well as a yeast tRNA control, were 
reverse -transcribed from the primer that hybridizes to the Bam HI site 
(sec .-1). Two extended fragments (SI and" S2) of 480 bp and 365 bp 
were obtained. (C) Promoter activity of the wild type (full length) and 
of start site deletion mutants of human Rcv-crbrv promoter. HcpG2 
cells were transfected with 5 /xg of the indicated lucifcrase reporter 
constructs together with 0.25 Mg of pRSVCAT as an internal standard. 
The resulting lucifcrase activity was measured 72 h after transfection. 
RLU, relative light units; LUC, lucifcrase reporter gene. 
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1.26-kb EcoR\-BamH\ fragment encompassing the 5' end of 
the cDNA. The initiation codon is located 123 bp downstream 
from this BunthU site (Fig. \A). The 5' boundary of Rev-erba 
exon I was mapped by primer extension experiments using a 
primer containing this BamVU site (Fig. I A). Two specific 
bands were rcproducibly obtained with HepG2 total RNA but 
not with the control yeast tRNA (Fig. IB). These two major 
start sites, called SI and S2, arc located 480 bp and 365 bp, 
respectively, 5' to the primer. The location of these start sites 
was confirmed by RNasc protection (Fig. \A and data not 
shown). 

To further confirm the location of these transcription start 
sites, we placed the 5' part of this genomic sequence, extending 
from the 5'-most EcoRl site to nt 1733 (sec Fig. 2), in front of 
the lucifcrasc reporter gene to yield the pRev-erbaWT con- 
struct. When transacted into HepG2 hepatocarcinoma cells, 
this construct exhibited a strong lucifcrase activity as com- 
pared to a control construct containing this region cloned in 
the inverted orientation (pRev-crbaWTinv; Fig. IC). In ad- 
dition, a 5' deletion construct, pRev-crbaSAsp, in which the 
transcription start site SI is deleted, retained a weak lucifcrasc 
activity, while the pRev-crbaoSsp construct, in which both SI 
and S2 are deleted, was devoid of lucifcrasc activity (Fig. \C). 
The promoter was also active, although to a lesser degree, in 
HcLa cells (data not shown). These results demonstrate that 
this 2-kb genomic region functions as a promoter. This se- 
quence harbors two putative TATA box sequences that could 
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Fig. 2. Sequence of the human Rcv-crba promoter. The SI and S2 
start sites arc indicated by bent arrows. The putative transcriptional 
initiation motifs arc underlined with a dashed line. pRev-crhaWT51 
and pRev-crba\VT&2 5' borders arc indicated by brackets. The star 
indicates the 3' border of all promoter constructs. Rd and Rp sites arc 
indicated as shaded boxes. A thick line is drawn above the sequence 
of the 73-bp probe. The two degenerate AGGTCA sequences located 
downstream of the Rp site arc underlined. The human Rev-crba 
promoter sequence has been deposited in the GenBank data base 
(accession number X95536). 
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be relevant to the mapped starts sites (shown as dashed line in 
Fig. 2). It also contains consensus binding sites for numerous 
transcription factors among which we noticed the presence of 
putative binding sites for nuclear receptors. Interestingly, two 
of these AGGTCA-likc motifs, called Rp and Rd, contain at 
their 5' ends an A/T-rich sequence (see Fig. 2). According to 
recently reported in vitro experiments, such sites could repre- 
sent RcvREs (14). 

Rev-crba Represses the Human Rev-erba Promoter. To 
investigate the role of these putative binding sites, the pRev- 
erbaWT promoter construct and the pRcv-ERBa expression 
vector were cotransfectcd into HcpG2 cells. As shown in Fig. 
2>A, the Rev-erba promoter activity was markedly repressed by 
the Rev-crb« protein. To identify which of the two putative 
binding sites mediated the Rev-erba effect, wc tested two 
5'-deiciion mutants for their response to Rev-crba cotrans- 
fection: pRev-crba51, which contained both the distal (Rd) 
and the proximal (Rp) binding sites but lacked the 5' promoter 
sequence, and pRev-erbao2, which contained only the proxi- 
mal binding site (Rp). As both of these deletion constructs still 
responded to the same extent as the wild-type promoter to 
pREV-ERB« cotransfection, wc concluded that this repres- 
sion was only mediated by the proximal binding site (Fig. \4), 

To investigate the role of the proximal Rev-crba binding site 
in this regulation, wc constructed two mutants of this site: one 
mutant (pRev-erbaA) is altered in the entire AGGTCA core 
sequence, whereas the other (pRev-crbaCCC) is only altered 
in the 5' A/T-rich region that has been previously shown to be 
important for Rev-erba binding (13-15). As exemplified in Fig. 
35, either alteration of this proximal binding site drastically 
reduced Rev-erha-mcdialcd repression. Similar effects were 
also observed upon cotransfection of Rev-erb/3, a close relative 
to Rev-crb(t that exhibits the same binding specificity (Fig. 3#; 
refs. 13-15). As shown in Fig. 35, a shorter mutant construct 
deleted of the 5'-most promoter sequence (pRev-erb«A<51 ) 
was not repressed by Rev-erba, establishing that the remaining 
repression observed on pRev-erbaA was mediated through a 
cryptic Rev-erba binding site located 5' to Rd. Taken together, 
these results demonstrate that the proximal Rcv-crba binding 
site of the human Rcv-crba promoter acts as a negative 
responsive element. 

The Repressing Effect of Rev-erba Is Transferable to a 
Heterologous Promoter. To test whether the Rev-erba repres- 
sion was transferable to a heterologous promoter, a 73-bp 
fragment of the Rev-crba promoter encompassing the Rp site 
either in its wild-type (WT) or mutated (A) version was 
inserted upstream of the SV40 promoter (Fig. 2). As shown in 
Fig. 4, the pWT-SV40 construct was significantly repressed 
upon cotransfection of the Rev-erba expression vector. Con- 
versely, neither the control pSV40 construct nor the pA-SV40 
construct carrying a mutated Rp site was repressed by Rev- 
erba. These results, which were also obtained in rabbit kidney. 
RK13 cells (data not shown), strongly suggest that Rev-erba is 
able to repress the activity of a heterologous promoter through 
the Rp site. 

Rev-erba Binds the Rp Site as a Homodimer. We next 
investigated the binding characteristics of Rev-erba to this 
promoter region. In rr/ro-synthesized Rev-erba protein (and 
Rcv-erb0; data not shown) was incubated with the labeled Ssr 
l-Kpn I promoter fragment that encompasses the Rp site, 
either in its wild-type (WT73bp) or mutated (A73bp) version. 
As shown in Fig. 5^, Rev-erba strongly bound to the WT73bp 
probe, whereas no binding could be observed when the Rp site 
was mutated (Fig. 5^-t). These data were confirmed by com- 
petition experiments where the resulting complex was effi- 
ciently blocked by competition with an unlabeled consensus 
RevRE oligonucleotide but not by its mutant version (Fig. 5,4). 
Taken together, these binding experiment results corroborate 
the transactivation data (Figs. 3 and 4). 



RNisnnntn <xp 209990 4A I > 



3556 Biochemistry: Adclmant et ai 



Proc. Natl. Acad. Sci. USA 93 (1996) 



200- 



= 100- 




300- 



200- 



100- 




Rcv^crba 



WT 51 



Rd Rp 



52 



Rev-crba 
Rcv-crbp 



WT 



ccc 




pRev-ert>aWT 



LUC | pRev.crbaWT5l 
LUC | pRev-ci boWT 62 




A6I 



pR*v. c rbaWT 



pRcv-erba^ 



LUC | pRcv-crhoCCC 



| AAAAGTCCT AQC j 



LUC | pRcverfea^J&l 



Fig. 3. {A) Determination of the functional Rev-crba binding site. HcpG2 cells were cotransfcctcd with 1 ptg of the pSGs or pREV-ERB<* 
expression vectors and 4 ^g of each of the human Rev-crba promoter constructs shown schematically below the graph. The boxes represent Rd 
and Rp binding sites as labeled. (B) Rev-crba repression of the promoter constructs mutated in the Rp motif. HcpG2 cells were cotransfcctcd with 
1 fig of either pSG«, pREV-ERBa, or pREV-ERBj3 together with 4 ^tgof the promoter constructs depicted below the graph. The Rd and Rp sites 
arc shown as solid and shaded boxes, respectively. The mutated nucleotides of the Rp site arc in boldfaced type. Luciferasc activity was mcasur/ "~\ 
72 h after transfection. RLU, relative light units; LUC, luciferasc reporter gene. '< ^J 



However, a careful examination of the binding pattern of 
Rev-crba on the WT73bp probe revealed the presence of a 
specific less intense complex of reduced mobility (arrowhead 
in Fig. 5A Left)! To investigate whether this complex could 
correspond to a homodimer, we constructed a carboxyl- 
terminal truncated version of Rev-erba, called REV-ERBa- 
(1-236). This truncated Rev-erba protein lacks the entire 
ligand-binding E domain but still contains the A and T boxes 
and a portion of the hinge region D domain. As shown in Fig. 
5A, when the WT73bp probe was coincubated with a mixture 
of the full-length and the truncated Rev-crba protein, a new 
complex appeared. This complex corresponded to a dimer 
formed between the full-length and the truncated version of 
Rev-crba protein (the same pattern was obtained with another 
version of Rev-erba deleted after residue 288; data not shown). 
These results strongly suggest that Rev-erba is capable of 
forming homodimers. 

We next investigated which sequence of the 73-bp fragment 
was involved in the binding of the second molecule of the 
dimer. Two degenerate AGGTCA motifs were found within 
this sequence, located 2 bp and 23 bp, respectively, down- 
stream from the Rp site (underlined in Fig. 2) both in a direct 
orientation relative to it. As shown in Fig. SB, an oligonucle- 
otide encompassing the Rp site and the AGGTCA-iikc motif 



2 bp downstream, hereafter referred to as RcvDR2, was 
sufficient to allow the binding of Rev-erba as a dimer. To 
further investigate the respective role of these two half-site 
motifs on Rev-erba binding, we used two oligonucleotides 
mutated either in the Rp core sequence or in the 3' motif 
(RcvDR2M5' and RevDR2M3', respectively). Mutation of the 
3' site abolished the binding of the dimer but still allowed the 
monomer to bind with an affinity comparable to that observed 
on the RevDR2 wild-type probe (Fig. SB). Conversely, muta- 
tion of the 5' core sequence completely abolished the binding 
of Rev-erba onto this probe, reminiscent of the result obtained 
with the A73bp probe (Fig. 5A). 

Rev-erba Repressing Activity Does Not Depend on Its 
Homodimerization but Requires Its Carboxyl-Terminal Do- 
main. To investigate whether homodimer formation was re- 
quired for the repressing activity of Rev-erba, two copies of 
either RevDR2, RevDR2M5 r , or RevDR2M3' oligonucleo- 
tides were cloned upstream of the SV40 early promoter. As 
shown in Fig. 5C, a 4-fold repression was observed upon 
cotransfection of pRevDR2-SV40 with the Rev-erba expres- 
sion vector. Conversely, no repression was seen when the 
reporter vector bore two copies of the responsive element 
mutated in its 5' motif (pRevDR2M5'-SV40) or when the 
native SV40 reporter vector was used. Interestingly, a reporter 



>: <XP 2099904A__I> 



Biochemistry: Adclmant et ai 



Proc. Natl Acad. Sci. USA 93 (1996) 3557 



J 



100 




A7lbp 

-u — I 



Rcv-erba * + + 




y pSV40 p\VT-SV40 pA-SV40 

|SVJ<|"^ LUC I pSV40 



] pWT-SV40 



p^-SVOO 



Fig. 4. Rcv-erba repression of the 73-hp Ssi \-Kpn I promoter 
fragment placed upstream of the SV40 promoter. One microgram of 
the pSGs or pREVERBa expression vector and 4 p.g of each of the 
SV40 promoter constructs were cotransfcctcd in HepG2 cells. Lucif- 
crasc activity was measured 72 h after transfection. The 73-bp ,9.v/ 
\-Kpn I promoter fragment is shown as a stippled box. The hatched box 
represents the Rp site. Its mutated nucleotides arc in boldfaced type. 
RLU, relative light units; LUC, luciferasc reporter gene. 

vector harboring two copies of the RcvDR2M3' oligonucleo- 
tide was still repressed by Rev-erba. These results suggest that 
hornodimer formation is dispensable for Rev-erba repression. 

To further support the evidence thai the Rev-erba repress- 
ing activity is an intrinsic function of the protein, we tested the 
effect of a truncated version of Rev-erba that binds to the 
RevRE but that is deleted of its carboxyl-terminal moiety (see 
Materials and Methods). As shown in Fig. 5C, this truncated 
version of Rev-erba, unlike the full-length protein, was unable 
to repress the activity of the pRevDR2-SV40 reporter. This 
result indicates that transcriptional repression is an intrinsic 
property of Rev-erba and that this function is carried out by 
its carboxyl-terminal domain. 

DISCUSSION 

This work reports the characterization of a functional pro- 
moter for the human Rev-erba gene. The analysis of the 
human Rev-erba gene promoter is of interest in the context of 
the c-crbA- 1 /Rev-erba overlapping locus, which encodes two 
related transcription factors. We and others (19, 23) have 
previously shown that the c-erbA-1 promoter responds to 
neither c-erbA-I norj to Rev-erba proteins. The availability of 
the Rev-erba gene promoter will help us to decipher further 
the functional implications of these findings and particularly to 
investigate the potential autoregulation that takes place at this 
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Fig. 5. (A) Rcv-erba binding to the 73 -bp probe. (Left) One 
microliter of pSGs control lysatc (lane at the extreme left) or pRE- 
VERBa protein was incubated with 0.5 ng of the 73-bp labeled probe 
in its wild-type ( WT73bp) or mutated version (A73bp). Competition 
experiments were carried out with a 5-, 50-, or 500-fold molar excess 
of either the synthetic RcvREWTor the RcvREA oligonucleotides as 
indicated. The arrowhead indicates the hornodimer. The sequences of 
the competitor oligonucleotides arc shown below the figure (mutated 
nucleotides arc underlined). The RevRE consensus sequence is shown 
for comparison (W is A or T, N is any of the four bases, and R is A 
or G). (Right) Rcv-erba is able to bind the WT73bp probe as a 
hornodimer. The 73-bp probe (0.5 ng) was incubated with 4 p.1 of the 
full-length REV-ERBa in nVru-translated protein, 1 *d of REV- 
ERBa-(I-236) in vitro- translated protein, or both as indicated. DNA- 
protcin complexes arc indicated at the right. The asterisk indicates an 
artifact that is likely to reflect the use of a downstream AUG. (B) 
Rcv-erba hornodimer binds to the RcvDR2 motif. Four microliters of 
the full-length REV-ERBa in n/ro-translatcd protein was incubated 
with 0.5 ng of either RcvDR2, RcvDR2M3", or RcvDR2M5' probes 
as indicated. The asterisk indicates a nonspecific complex. (C) Rcv- 
erba represses transcription via the 5' motif of the RcvDR2. HcpG2 
cells were cotransfected along with 3 /ig of the pSVRcv-erba (Ful 1 
length) or pSVRcv-erba (A236) expression vectors and 1 /xg of t 1 '^ 
indicated reporter constructs. Luciferase activity was measured «.« ,ec * 
after transfection. Doth 

itiated 

locus. It will also allow us to study the factors reguhhibiting 
expression during various physiological processes (In in vitro. 

Recent investigations about the function of Re\>f the TrfA 
shown that, similar to other orphan receptors, Rs<2 origin and 
as a monomer to an AGGTCA motif preceded \\ three mutant 
sequence (10, 14). These authors also describrat the origin but 
constitutive transcription factor when bounr'mutant) or exhib- 

but others failed to reproduce this finding {_ 
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unidentified serum factor inducing Rtsscd. 
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function, this hypothesis appears very unlikely since Rev-crba 
lacks the crucial and strongly conserved ligand-rcgulated 
transactivating domain AF2 (24-26). As discussed in Durand 
et id. (25), it is more likely that orphan receptors lacking this 
AF2 domain would act as competitors for other ligand- 
induciblc receptors. This is consistent with the recent findings 
that Rev-crba passively blocks RZR«-mediatcd transactiva- 
lion (15-17). While our study also reports that Rev-erbar 
mediates transcriptional repression, two lines of evidence 
argue for an intrinsic repressing effect of Rcv-erba. First, 
mutation of the Rp site did not decrease the basal activity of 
the Rcv-erba promoter, a consequence that would be expected 
if endogenous RZRor transactivated through this sequence. 
Second, a truncated version of Rcv-erba that still binds DNA 
was no longer able to repress transcription. This latter result 
evidenced the intrinsic repressive property of Rcv-crba. It 
remains to be investigated whether some elements, such as the 
binding site sequence or a protein partner, induce Rcv-erba to 
act as a passive competitor or as an "active" repressor. 

Our study also reports that Rcv-erba is able to bind DNA as 
a homodimcr. This homodimcr binds an asymmetric RevDR2 
element in which the upstream motif is extended with a 5' 
A/T-rich sequence. This asymmetric interaction between two 
Rcv-crba monomers bound lo a direct repeat element is 
reminiscent of what was recently described for HNF4 bound to 
a DR1 (29). Nevertheless, as for the orphan receptor RZRor, 
Rcv-erba homodimerization does not seem as favored as in the 
case of retinoic acid receptor or thyroid hormone receptor 
homodimcr formation (27). We also show that, while Rcv-erb 
efficiently binds the isolated 5' binding site, its binding to the 
3' site was abolished when the 5' sequence was mutated. 
Similarly, although the RcvDR2 5' site is necessary and 
sufficient to mediate the Rcv-crba repression, the 3' motif of 
RevDR2 is not. The ability of Rcv-erba to dimerizc is an 
interesting feature, but its function remains to be established. 

The ability to form homodimcrs sheds new light on the 
diversification of the binding capacities of nuclear receptors 
during evolution (10). Based on the description of an increas- 
ing number of nonevolutionarily linked orphan receptors that 
arc able to bind DNA exclusively as monomers, some authors 
have hypothesized that the ancestral nuclear orphan receptor 
bound DNA as a monomer (28). The fact that Rev-erbs as well 
as RZRs (27) are able to homodimerizc allows us to consider 
that binding as monomers was gained independently by some 
orphan receptors during evolution (10). These orphan recep- 
tors have not necessarily lost their ability to efficiently homo- 
or hetcrodimcrizc, as is the case for RZR and Rev-erba. 

We gratefully acknowledge P. Martin and O. Albagli for advice and 
constructive criticism and J. H. Chen, P. A. Defosscz, J. Coll, and R. 
Pierce for critical reading of the manuscript. G.A. is recipient of a grant 
from the French Ministcrc dc la Recherche et dc I'Espacc. We thank 
IPL, CNRS, ARC, and GREG for financial support. 
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I 

Rev-ErbAa (Rev-Erb) is ft nuclear boraone receptor- 
related transcriptional activator that is encoded on the 
noncoding strand of the a-thyroid hormone receptor 
(TR) gene. The similarities between Rev-Erb and 
receptors for differentiating agents, as well as the 
abundance of Rev-Erb mRNA in fat, led us to study 
Rev-Erb gene expression during ,;atfinogenes%^0* 
markably, Rev-Erb mRNA levels increased dramati- 
cally during the differentiation of 3T3-L1 cells into 
adipocytes. Rev-Erb was similarly induced in the re- 
lated 3T3-F442A cell line but not in nondifferentiatmg 
3T3-C2 cells. The time course of Rev-Erb induction 
was similar to that of C/EBPa, an important transcrip- 
tional regulator in adipocytes, and Rev-Erb mRNA was 
superinduced by cycioheximide. Nuclear run-on assays 
indicated that an increased rate of Rev-Erb mRNA 
synthesis accounted for the increased steady state 
mRNA levels; the half-life of Rev-Erb mRNA was in- 
distinguishable in preadipocytes and adipocytes. 
Treatment of preadipocytes with retinoic acid inhib- 
ited adipocyte differentiation and also prevented Rev- 
Erb induction. Thus, there is a correlation between 
Rev-Erb gene expression and differentiation, and tran- 
scriptional regulation by Rev-Erb could play an impor- 
tant role in the generation and/or maintenance of the 
adipocyte phenotype. Interestingly, and possibly re- 
lated to the overlap between the Rev-Erb gene and the 
exon specific for TR«2, the induction of Rev-Erb was 
also associated with a 3-fold increase in the ratio of 
TRcrl to TR<*2 mRNA levels, indicating that Rev-Erb 
expression has the potential to modulate adipocyte 
gene expression by multiple mechanisms. 



Rev-ErbAa (Rev-Erb, 1 also called ear 1 ) is a member of the 
steroid/thyroid hormone receptor superfamily (1, 2) with con- 
siderable homology to receptors for thyroid hormone (T3) and 
retinoic acid (RA) (3, 4). Remarkably, both the rat and human 
Rev-Erb genes are transcribed from the opposite strand of 
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1; TR, a-thyroid hormone receptor, RA, retinoic acid; DMEM, Dul- 
becco's modified Eagle's medium. 



the T3 receptor a gene, which itself encodes TRal and the 
splice variant TR*2 (5-9), the latter of which is a noii-T3- 
binding inhibitor of T3 action (10, 11). The Rev-Erb and 
TR«2 genes actually overlap, and their mRNA products are 
complementary over a stretch of 269 nucleotides. Rev-Erb 
induction correlates with an increased ratio of TRal to TRa2 
• ^j flffi^jfe arid a causal relationship between these obser- 
vations is supported by the observation that Rev-Erb mRNA 
can inhibit the splicing reaction that generates TR«2 in vitro 
(13). 

We have recently demonstrated that the Rev-Erb binds 
with high affinity to a unique DNA sequence and is capable 
of activating gene transcription from this specific response 
element in the absence of exogenous Iigand (14). However, 
although Rev-Erb gene expression is tissue-specific (3) and is 
regulated at transcriptional and post-transcriptional levels by 
labile proteins in a variety of cell types (12), the biological 
function of Rev-Erb is unknown. 

A number of the receptors that are homologous to Rev-Erb 
are involved in cellular differentiation. Indeed, of all the 
members of the steroid/thyroid hormone receptor superfam- 
ily, Rev-Erb is most similar to E75, an ecdysone- induced 
transcription factor involved in the metamorphosis of Dro- 
sophila melanogaster (15). Because of this, we hypothesized 
that Rev-Erb may be involved in the differentiation of fat, 
where its mRNA is highly expressed (3). Indeed, Rev-Erb 
mRNA levels increased dramatically during the differentia- 
tion of 3T3-L1 and 3T3-F442A preadipocytes into adipocytes. 
This induction occurred at the level of gene transcription and 
was blocked by RA, which inhibits adipocyte differentiation 
(16, 17). The induction of Rev-Erb was accompanied by an 
increased ratio of TRal to TRa2. Altered levels of Rev-Erb 
and TRs could have important effects on the adipocyte phe- 
notype. 

MATERIALS AND METHODS 

Cell Culture and Differentiation— 3T3-L1 cells (obtained from the 
ATCC) were cultured in growth medium containing Duibecco's mod- 
ified Eagle's medium (DMEM, Life Technologies, Inc.) and 10% 
bovine calf serum (Hyclone), with a change of media every 2 days. 
The cells were differentiated by the method of Bernlohr et at (18). 2 
days post-confluent cells (designated day 0) were switched to differ- 
entiation medium (DMEM, 10% fetal calf serum (Hyclone), 1 #*M 
dexamethasone, 10 /ig/ml insulin, and 0.5 mM 3-methyl-l-isobu- 
tylxanthine (Sigma)) for 2 days. Thereafter, the cells were cultured 
in post-differentiation medium (DMEM, 10% fetal calf serum, and 
10 pg/ml insulin), and the media was changed every 2 days. Differ- 
entiation was maximal (-90% of the cells) by day 7, using morpho- 
logical criteria. The 3T3-F422A cells (provided by Dr. V. Cherington, 
Tufts University, Boston) were cultured in the growth medium with 
a change of media every 2 days, and differentiation was induced in 
confluent plates (designated day 0) by changing the media to DMEM 
supplemented with 10% fetal calf serum and 10 Mg/ml insulin (19). 
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Cells* were maintained in this medium, with a change every 2 days, 
unti, processed for RNA on day 18, when maximal differentiation 
was achieved The 3T3-C2 cells (obtained from Dr. V, Gherington) 
were cultured in a manner similar to 3T3-L1 cells. 

To determine Rev-Erb mRNA half-life in preadipocytes and adi- 
pocytes, actinomycin D (5 w/ml) was added to the culture medium 
of days 0 and 7 cells for varying times prior to isolation of RNA. For 
determination of the mechanism of Rev-Erb mRNA induction, days 
0 and 7 cells were treated with cycloheximide (10 ng/m\) for 20 h 
prior to isolation of RNA. For inhibition of differentiation by all- 
trans RA, 10 m m RA (in ethanol) was added to day 0 3T3-L1 cells at 
the same time as differentiation medium. This concentration of RA 
completely inhibited adipose conversion, as previously shown (20). 
After 48 h, the media was changed to post-differentiation medium 
alone. All control cultures were treated with an equal volume of 
ethanol. 

Northern Analysis— Northern analyses were performed on total 
celluar RNA as described previously using cDNA probes for Rev-Erb 
(3) C/EBPa (21), aP2 (22), and 0-actin labeled with 3 *P using random 
primers (Boehringer Mannheim). TRal and TRo2 mRNA were both 
detected using a THa riboprobe (23). Autoradiographs were quanti- 
tated using a Molecular Dynamics IraageQuant densitometer. Statis- 
tical analyses were performed using Student's t test (Statworks pro- 
gram), and linear regressions for mRNA half-life studies were, done 
using Sigma Plot (Jandel Scientific). 

Nuclear Transcription Rate Assays— Cells were pooled from four 
15-cm dishes of preadipocytes and adipocytes, and nuclei were iso- 
lated in Nonidet P-40 lysis buffer (10 mM Tris HCl, pH 7.4, 10 mM 
NaCi, 3 mM MgCl a , and 0.5% (v/v) Nonidet P-40) by the method of 
Greenberg and Ziff (24). Transcription reactions were done as de- 
scribed by Distel et aL (25). Briefly, transcription was initiated by the 
addition of equal volumes of 2 X reaction buffer (10 mM Tris-HCl, 
pH 8.0, 5 mM MgCl 8 , 300 mM KC1, 5.0 mM dithiothreitol, 80 units 
RNasin (Promega), 1.0 mM dNTPs, and 200 M Ci I^PIUTP (800 Ci/ 
mmol, Amersham Corp.)) to 2-4 X 10 7 nuclei (in 150-200 jd). Reaction 
mixture was incubated at 30 *C for 30 min with gentle agitation. Slot 
blots were prepared by applying 10*ig of denatured cDNAs to Duralon 
membrane (Stratagene) as per the manufacturer's protocol. Nascent 
transcripts were isolated as previously described (23) and hybridized 
with the slot blots at 42 "C for 4 days. Slot blots were washed twice 
at 55 °C for 45 min in 0.3 x SSC. 0.1% SDS, autoradiographed, and 
quantitated densitometrically. 

RESULTS 

Rev-Erb Is Induced during Adipogenesis— ZTZ-IA preadi- 
pocytes were grown to confluence and then switched to dif- 
ferentiation conditions 2 days later as described under "Ma- 
terials and Methods;" After 7 days, -90% of the cells were 
rounder and loaded with fat, consistent with differentiation 
into adipocytes. Fig. 1 shows that expression of the ~3,0-kb 
Rev-Erb mRNA was 12.8-fold greater in adipocytes than in 
preadipocytes. This difference was not unique to 3T3-L1 cells, 
because similar changes were also noted after differentiation 
of another adipogenic cell line, 3T3-F442A. The effect was 
specific for adipocytes, however, because Rev-Erb mRNA 
levels actually decreased when 3T3-C2 cells (a related, non- 
differentiating cell line) (25, 26) were exposed to the same 
differentiating conditions as 3T3-L1 cells. The time course of 
Rev-Erb induction in 3T3-L1 cells is shown in Fig. 2. Rev- 
Erb was half -maximally induced by day 3 and maximally 
induced by day 5. This pattern of gene expression was com- 
pared with those of other genes previously shown to be in- 
duced during adipogenesis. Induction of the leucine zipper- 
containing transcription factor C/EBPa occurred about the 
same time and was of similar magnitude as that of Rev-Erb, 
while induction of the fat-specific gene aP2 was of much 
greater magnitude. 0-actin mRNA levels showed little change 
during adipogenesis. 

Rev-Erb Induction Is Transcriptional— The mechanism of 
Rev-Erb induction in 3T3-L1 cells was investigated next. 
Nuclear run-on assays were performed using nuclei from 
preadipocytes and adipocytes to determine whether there was 
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Day: 0 7 0 18 0 8 
3T3-L1 3T3-F442A 3T3-C2 
Fig. 1. Rev-Erb induction in adipocytes. A, Northern analysis 
of 3T3-L1, 3T3-F442A, and 3T3-C2 cells before and after exposure 
to differentiating conditions. The duration of treatment was different 
for the three cell lines (7> 18, arid 8 days, respectively; see "Materials 
and Methods"). j5-actin mRNA is shown as control. Equal loading 
was confirmed by ethidium bromide fluorescence of 28 S and 1? S 
rRNA, which varied insignificantly from lane to lane. quantitation 
of changes in Rev-Erb mRNA in multiple experiments (3T3-LU n = 
14; 3T3-F442A, n = 2; 3T3-C2, h = 3), expressed in arbitrary densi- 
tome trie units. 
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Fig. 2. Time course of Rev-Erb induction. Levels of mRNAs 
encoding Rev-Erb, C/EBPa, aP2, and 0-actin were assayed at varying 
times after exposure of 3T3-L1 cells to differentiating conditions (see 
"Materials and Methods'*). Ethidium bromide fluorescence of 28 S 
and 18 S rRNA varied insignificantly from lane to lane. 0-actin 
mRNA is shown as control. 

an increase in the rate of Rev-Erb gene transcription. Fig. 3A 
shows that Rev-Erb transcription is increased in adipocytes, 
with a mean increase in seven separate experiments of 12.4- 
fold, similar to the increase in the steady state mRNA level 
(Fig. 3B). The transcription of C/EBPa also increased in 
parallel with its mRNA level, while the rate of 0-actin gene 
transcription did not change greatly, in agreement with the 
Northern results shown earlier. The transcriptional rate of 
aP2 was also increased, although the magnitude of the change 
was less than that of aP2 mRNA, consistent with post- 
transcriptional regulation as observed by others (19, 27). 
Rev-Erb mRNA Is Not Stabilized in Adipocytes— Although 



Rev-ErbAa Induction in Adipocytes 



16267 



& AT* 



Pectin 

OEBPo-*., •«(- 




Rev-ErbAo C/EBPa aP2 



Fig. 3. Increased transcription of Rev-Erb in adipocytes. A, 
transcriptional rate assays were performed with nuclei from 3T3-L1 
preadipocytes and adipocytes. The relative transcription rates of 0- 
actin. Rev-Erb, aP2, and C/EBPa were compared. B, densitometric 
quantitation of the changes in transcription in multiple experiments 
(Rev-Erb, n = 7; C/EBPa, n = 7; aP2, n = 2. Results were normalized 
to 0-actin and then compared with preadipocyte levels and expressed 
in arbitrary densitometric units. 



Rev-Erb Is Superinduced by Cycloheximide— We have pre- 
viously shown that cycloheximide treatment of a variety of 
cell lines resulted in induction of Rev-Erb mRNA by a great 
increase in mRNA stability coupled with an increase in Rev- 
Erb gene transcription, which is of the same magnitude as 
that observed in the course of adipogenesis (12). We were 
therefore interested in whether the same mechanism is re- 
sponsible for induction of Rev-Erb during cycloheximide 
treatment and adipose conversion. Fig. 5 shows that the low 
basal level of Rev-Erb expression in 3T3-L1 preadipocytes 
was greatly enhanced (-100-fold) by inhibition of protein 
synthesis by cycloheximide; as expected, the induction of Rev- 
Erb during differentiation was less (—10-fold), since no 
mRNA stabilization is involved, as shown earlier. Of greater 
interest was the observation that cycloheximide superinduced 
Rev-Erb expression in adipocytes. Indeed, the level of Rev- 
Erb expression under these circumstances was greater than 
that seen after cycloheximide treatment of preadipocytes, 
indicating that mechanism of Rev-Erb induction during adi- 
pogenesis is likely to be different than the mechanism of Rev- 
Erb induction by inhibition of protein synthesis. Whether 
induction of Rev-Erb during differentiation is due to the loss 
of a repressor or the gain of a transcriptional activator remains 
to be established. 

Rev-Erb Induction Is Blocked by Retinoic Acid — RA, which 
acts by receptors that are structurally similar to Rev-Erb (1, 
2), has been shown to inhibit differentiation of 3T3-L1 cells 
(20). Fig. 6 shows that simultaneous treatment of preadipo- 
cytes with RA and differentiating conditions completely in- 
hibited the induction of Rev-Erb, which was observed after 
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FIG. 5. Superinduction of Rev-Erb 

adinoevtes were treated (lanes 2 and 4) and without {lanes 1 and 3) 
cycloheximide (CHX) for a 20-h prior to RNA preparation and 
Northern analysis. Arrow points to Rev-Erb mRNA. 
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Time (h) 

Fig. 4. Half-life of Rev-Erb mRNA in preadipocytes and 
adipocytes. Cells were treated with actinomycin D (see "Materials 
and Methods") prior to RNA preparation at the indicated times. 
Mean dfc S.E. of four experiments are expressed relative to baseline 
Rev-Erb mRNA levels measured in arbitrary densitometric units. 
Results in preadipocytes are plotted (- -O- -), and results in adipocytes 
are shown 

the increase in Rev-Erb transcription rate was a sufficient 
explanation for the increase in steady state mRNA levels, we 
were nevertheless interested in the stability of the Rev-Erb 
mRNA, because we have previously shown that levels of Rev- 
Erb mRNA are regulated post-transcriptionally under some 
circumstances (12), and other mRNAs, such as that for aP2, 
are stabilized in adipocytes (19). Therefore, preadipocytes and 
adipocytes were treated with actinomycin D to inhibit new 
mRNA synthesis, and the rate of decay of Rev-Erb mRNA 
was assessed. Fig. 4 shows that the half-life of Rev-Erb mRNA 
was ~1 h in both preadipocytes and adipocytes, suggesting 
that Rev-Erb induction in adipocytes is due entirely to a 
transcriptional mechanism. 
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Fig. 6. Induction of Rev-Erb is inhibited by RA. Preadipo- 
cytes were treated in the same way as in the experiment shown in 
Fig. 2, except that 10 ptM RA was added to parallel plates at day 0 for 
each time point. Ethidium bromide fluorescence of 28 S and 18 S 
rRNA varied insignificantly except in lane 7, where the RNA was 
somewhat degraded. 
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exposure to differentiating conditions in the absence of RA. 
This result suggests that increased Rev-Erb gene expression 
is truly part of the differentiation program and unlikely to be 
due simply to a specific effect of one of the differentiating 
agents. Similarly, Rev-Erb is only slightly induced by single 
agents, such as dexamethasone in the absence of fetal calf 
serum, which do not result in adipocyte conversion (data not 
shown). 

Rev-Erb Induction Correlates with Increased TRal/TRa2 
mRNA Ratio—Since Rev-Erb mRNA is complementary to 
that of TRa2 and Rev-Erb gene expression has been shown 
to correlate with the ratio of TRal to TRa2 mRNAs in some 
circumstances (12), we also studied TRa gene expression in 
preadipocytes and adipocytes. As shown in Fig. 7A, levels of 
TRal mRNA increased during the differentiation of 3T3-L1 
cells, while TRa2 levels dropped, relative to the level in 
preadipocytes. Quantitation of the results of ten experiments 
(Fig. IB) indicated that TRa mRNA increased an average of 
1.5-fold, and the mean decrease in TRa2 mRNA was 45%. 
Thus, the ratio of TRal to TRa2 increased by an average of 
3-fold. The TRal/TRa2 mRNA ratio is a function of the 
processing of the TRa gene transcript as well as the half-lives 
of the individual TRa. There was no significant difference 
between preadipocyte and adipocyte half-lives of both the 
TRal and TRa2 mRNAs (data not shown), although the half- 
life of TRal was considerably shorter than that of TRa2 
mRNA, as was also observed in rat 235-1 cells (12). These 
data suggest that the change in al/a2 ratio during differen- 




TRal TRa2 TRal/TRa2 



FlG. 7. TR a mRNA levels in preadipocytes and adipocytes. 
A y Northern analysis of TRal and TRa2 mRNA. The identical probe 
was used to detect TRal and TRa2, but the autoradiographic expo- 
sure time of the TRa2 signal was 6 h, while that for TRal was 14 h. 
0-actin mRNA is shown as control. £, densitometric quantitation of 
the results of ten separate experiments. Results are expressed relative 
to base-line mRNA levels. For TRal and TRa2 mRNA, units are 
arbitrary densitometric units. There are no units for the TRal/TR«2 
mRNA ratio. 



tiation was due to a change in the alternative splicing/poly- 
adenylation of the TRa pre-mRNA. 

DISCUSSION 

We have used the model of adipose conversion of 3T3 
preadipocytes (26, 28, 29) to show that Rev-Erb, a transcrip- 
tion factor similar in structure to nuclear hormone receptors, 
is dramatically induced during adipogenesis. It is interesting 
that Rev-Erb is most highly related to E75, a protein that is 
induced early in molting of D. melanogaster (15), and is also 
very much like receptors for thyroid hormone, RA, and vita- 
min D, all of which are involved in various aspects of verte- 
brate differentiation (30). Rev-Erb could be a primary media- 
tor of adipogenesis, either unliganded or in response to a 
factor present either in serum or in the cell. Alternatively, 
Rev-Erb may be involved in maintenance of the adipocyte 
phenotype once transiently induced transcription factors, 
such as C/EBP0 and 6 (31) as well as c-fos (32) and c-jun 
(20), have returned to basal levels. Indeed, the transcriptional 
activation of Rev-Erb may be a direct result of the increase 
in one or more of the primary responders to adipogenic 
conditions. Once induced, high levels of Rev-Erb could be f 
maintained by direct positive feedback by Rev-Erb itself and/ 
or by other transcription factors that remain abundant in 
differentiated adipocytes. C/EBPa may be of particular im- 
portance, since it induces mitotic arrest (33) and activates 
adipocyte-specific genes (34, 35), and its expression correlates 
with the adipocyte phenotype (36-39). These questions are 
currently being addressed in our laboratory. 

The effects of RA on Rev-Erb gene expression could be 
direct or indirect, although the inhibition of other markers of 
the differentiated phenotype such as C/EBPa suggests that 
RA may act at an earlier step in adipogenesis. The inhibitory 
effect of RA on adipocyte differentiation is not well under- 
stood but is presumably mediated by RA receptors or by 
receptors for the RA isomer, 9-cis RA (40). Multiple RA 
receptors and 9-cis RA receptor subtypes are expressed in 
3T3-L1 cells, 2 and both of these receptor types are closely 
related to Rev-Erb. 9-cis RA receptors in particular are known 
to be heterodimerization partners for a number of related 
receptors (see Ref. 40 and references therein). Thus, interac- 
tions between members of the thyroid/steroid hormone recep- 
tor superfamily could be very important during and after 
adipocyte differentiation. ^ \ 

The correlation between Rev-Erb gene expression and the 
ratio of TRal to TRa2 during adipogenesis is consistent with 
the hypothesis that Rev-Erb gene expression may regulate 
the alternative splicing of the TRa transcript (13). The mag- 
nitude of the change in al/a2 mRNA ratio during adipo- 
genesis is less than that observed after cycloheximide treat- 
ment (3), consistent with the more profound effect of cyclo- 
heximide on Rev-Erb gene expression (Fig. 5) (12). However, 
in the absence of cycloheximide, it is likely that the TR 
protein levels will change as well. The predicted increase in 
TRal and decrease in the T3-action inhibitor TRa2 would 
be expected to magnify the effects of T3 on gene expression 
in adipocytes, which have undetectable levels of TR0 mRNA 
by Northern analysis (41). 2 Indeed, T3 is a major regulator of 
thermogenesis (42) and has numerous effects on adipocytes 
in culture (43, 44) as well as on fat cells in vivo (45, 46). Taken 
together with the likely function of Rev-Erb itself as a tran- 
scriptional activator, these results suggest that Rev-Erb in- 
duction plays a major role in the regulation of adipocyte gene 
expression. 



2 A. Chawla and M A. Lazar, unpublished data. 
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ABSTRACT Culture or mouse 3T3-L1 preadipocytes in 
medium containing delipidated bovine calf serum caused the 
cells to elongate and divide after reaching confiuency. The 
continued proliferation correlated with sustained expression of 
the c-myc gene, which was repressed in control cells. Exposure 
of the cells to activators of peroxisome proliferator- activated 
receptor (PPAR), including clofibrate, WY-14,643, and 
5,8,11,14-eicosatetraynoic acid, reversed and prevented the 
effects of culturing preadipocytes in delipidated serum. Con- 
tinued exposure to PPAR activators led to adipose conversion, 
during which PPAR and its heterodimerization partner (retin- 
oid X receptor) were induced. Retinoic acid (RA) had no effect 
on the growth or survival of preadipocytes grown in the 
presence of normal bovine serum. However, treatment of cells 
cultured in delipidated serum with RA caused death of the cells 
by apoptosis. Thus, preadipocyte phenotype and survival are 
regulated by activators of nuclear hormone receptors. 



3T3-L1 cells have been selected from Swiss 3T3«mouse 
fibroblasts for their ability to differentiate into adipocytes 
after exposure to fetal calf serum (FCS), dexamethasone 
(Dex), isobutyimethylxanthine (IBMX), and insulin (1, 2). 
Adipose conversion involves coordinated expression of a 
variety of transcription factors prior to the morphological 
changes and induction of structural proteins (3). Factors 
induced during adipocyte differentiation include C/EBPa, 
-0, and -5 (4, 5) as well as Jun and Fos (6, 7). In addition, 
c-myc gene expression is repressed in the adipocyte, and 
overexpression of c-myc can inhibit differentiation (8), How- 
ever, the biological basis of the adipose commitment of the 
3T3-L1 cell is not well understood. 

Retinoic' acid (RA) and peroxisome proiiferators are lipo- 
philic substances that act through related nuclear receptors to 
directly regulate gene expression (9-12). Both RA receptors 
(RARs) and peroxisome proliferator-activated receptors 
(PPARs) hcterodimerize with retinoid X receptor (RXR) in 
vitro (ref. 12 and references therein) and, in the case of PPAR, 
regulation of gene transcription is greatest when the activa- 
tors of both receptors are present (13-16). RA prevents the 
adipose conversion of 3T3-L1 ceils (17, 18). Inhibition of 
differentiation is an unusual effect of RA, which more com- 
monly promotes differentiation (19). In contrast to the effects 
of RA, peroxisome proiiferators such as clofibrate have been 
shown to potentiate adipose conversion of 3T3-L1 cells in the 
presence of Dex. FCS. and insulin (20). 

PPAR is of particular interest in adipocytes because it 
regulates genes involved in lipid metabolism (21. 22) and is 
activated not only by peroxisome proiiferators but by fatty 
acids (13. 23) as well. We have found that culturing 3T3-L1 
preadipocytes in medium containing delipidated serum in- 
duces a proliferative and elongated phenotype that is re- 
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versed by PPAR activators. Furthermore, a variety of PPAR 
activators cause adipose conversion in the absence of Dex, 
IBMX, FCS, and insulin. PPARs and RXRs are both induced 
during adipose conversion, which is inhibited by RA. How- 
ever, exposure of the cells cultured in delipidated medium to 
RA results in cell death by apoptosis. Thus, PPAR activators 
and retinoids co-regulate preadipocyte proliferation, differ- 
entiation, and survival. 

MATERIALS AND METHODS 

Cell Culture. 3T3-L1 cells (ATCC) were cultured in growth 
medium containing Dulbecco's modified Eagle's medium and 
10% bovine calf serum (HyClone) with a change of medium 
every 2 days. Bovine calf serum was delipidated by a 
modification of the method of Goodman (24). Briefly, serum 
was extracted two or three times with an equal volume of 
n-heptane by vigorous stirring at 4°C for 20 h. The aqueous 
phase was separated by centrifugation at 2000 x g for 2 h. 
Cells were initially cultured in normal growth medium for 2-3 
days (40-50% confluence) and then switched to medium 
containing 10% delipidated serum. 

The standard method of cell differentiation and inhibition 
by RA was as described (25). RA was added in ethanol at a 
final concentration of 10 /xM. For experiments with PPAR 
activators, 3T3-L1 cells were cultured in growth medium 
until confluent and then switched to growth medium supple- 
mented with various concentrations of clofibrate, WY-14.643 
(pirinixic acid; kindly supplied by Wyeth-Ayerst), or 
5,8.11 ,14-eicosatetraynoic acid (ETYA) in ethanol. Control 
cells were treated with the same volume of ethanol alone. 

Northern Blot Analysis. Northern blot analyses were per- 
formed as described (25) with cDNA probes for aP2 (26); 
C/EBPo (27); PPARo (11); RXRa, -0, and -y (28); Nuc-1 
(29); c-myc; and 0-acttn labeled with 32 P using random 
hexamers. 

Cell Viability. At 40-50% confluence, cells cultured in 
60-mm 2 dishes were switched from control to delipidated 
medium containing either 10 juM RA or ethanol alone. 
Approximately every 24 h, floating and adherent cells were 
pooled and viability was assessed by trypan blue exclusion. 
Similar results were observed when cells were exposed to RA 
throughout the experiment or only during the initial 48 h. For 
determination of [ 3 H]thymidine incorporation, cells were 
cultured in 96-well plates and [ 3 H)thymidine (5 *iCi per well; 
1 Ci = 37 GBq) was added for 1 h t after which the cells were 
harvested and incorporated radioactivity was measured by 
scintillation counting. Genomic DNA was isolated from 



Abbreviations: FCS, fetal calf scrum; Dex, dexamethasone: IBMX. 
isobutyimethylxanthine: RA. retinoic acid: RAR. RA receptor; 
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adherent and floating cells by a method that selected for 
fragmented DNA (30) and was analyzed in 1.2% agarose gels. 

RESULTS 

Characteristics of Preadipocytes Grown in Delipidated Se- 
rum. Preadipocytes were cultured in medium containing 
bovine calf serum, which was extracted with n-heptane to 
remove lipophilic substances, including fatty acids and retin- 
oids (24). Under these conditions, preadipocytes continued 
to proliferate after control cells had reached confluence, and 
the number of cells was increased « 3-fold after 4 days (Fig. 
1A). [ 3 HJThymidine incorporation of the cells in delipidated 
serum was ~ 5-fold greater than that of control cells, which 
decreased by 88% after confluence (Fig. IB). This was 
paralleled by the continued expression of c-myc (Fig. 1C), 
which was dramatically reduced in control preadipocytes 
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Day post-confluence 
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Fic. 1. '. Delipidaied serum causes proliferation of preadipocytes 
beyond confluence. M> Cell growth. Cells were switched to medium 
containing 10% delipidated serum or control just prior to confluence, 
and viable cell number was determined each day thereafter. Results 
are normalized to viable cell number at day 0. (B) Thymidine 
incorporation. Cells were incubated with pH]thymidine under each 
of the above conditions. Results are expressed as percentage of day 
0 control. Shown is the mean ± SE of two experiments, with each 
data point done in triplicate in each experiment. (C) c-myc expres- 
sion. Northern blot analysis for c-myc mRNA from cells cultured as 
in A. Loading was judged to be equal by ethidium bromide fluores- 



shortly after confluence as described (8). The increase in cell 
density was apparent on inspection of the culture dishes (Fig. 
2 A-D)< and the cell shape was noted to be elongated as well 
(Fig. 20). These morphological changes could be prevented 
by addition of a chloroform extract of the material removed 
from the delipidated serum (Fig. IE). 

Activators of PPAR Prevent and Reverse the Effects of 
Culturing Preadipocytes in Delipidated Serum. Since PPAR is 
activated by lipophilic agents, including fatty acids (13, 22, 
23), we tested whether PPAR activators could substitute for 
the extracted substance(s) in this system. Remarkably, treat- 
ment with WY-14.643, a peroxisome proliferator and activa- 
tor of PPAR, prevented and reversed the changes induced by 
the delipidated serum (Fig. 2Fand C). Continued exposure 
to WY-14,643 ultimately caused adipose conversion (Fig. 
2H). Indeed, we found that clofjbrate as well as the polyun- 
saturated fatty acid ETYA, another activator of PPAR. also 
caused adipose conversion of 3T3-L1 cells (Fig. 3 C. £, and 
G). The concentrations required to induce >90% of the cells 
to differentiate after 7 days were 3 mM cloftbrate, 450 /iM 
WY-14,643, and 50 >iM ETYA. The relative potencies of 
these compounds paralleled those for activation of PPAR 
(13). Adipose conversion due to PPAR activators, like that 
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Fic. 2. Morphological effects of culturing preadipocytes in de- 
lipidated serum, and reversal by PPAR activators. 3T3-L1 preadi- 
pocytes were cultured under the conditions shown. Cells shown in B 
were less confluent at the time of change to medium containing 
delipidated serum (delipid) and resembled those shown in C after 
additional incubation lime. Cells shown in £ are representative of 
those near a drop of CHC1? extract of the heptane-soluble fraction of 
normal serum. CHCh alone had no effect. The concentration of 
WY-14.643 used in F-tf was 0.30 mM. Cells in F were exposed to 
delipidated serum and WY-14.643 simultaneously. Cells in G and H 
resembled those in B before addition of WY-14.643 for 5 and 8 days, 
respectively. Phase-contrast microscopy. (A-C and £-//. *150; D. 

v7S ^ 



1788 Biochemistry: Chawla and Lazar 



A. Growth Medium B. Differentiation Medium 




Fig. 3. Adipose conversion by PPAR activators. Cell morphol- 
ogy. Cells were cultured in conditions noted. Phase-contrast images 
are shown. <xl50.) 



due to standard differentiating conditions, was completely 
inhibited by RA (Fig. 3 D, F, and H ). 

Induction of PPAR and RXR During Adipose Conversion. 
The molecular events during adipose conversion by PP AR 
activators were compared with those of a standard differen- 
tiation protocol. WY-14,643, clofibrate, and ETYA (not 
shown) induced adipocyte-specific genes aP2 and CI EBP a 
with a similar magnitude and time course as that due to 
standard conditions (Fig. 4A). In addition, PPARa expres- 
sion increased — 10-fold during adipose conversion by both 
standard differentiation conditions and WY-14.643 (Fig. 4B). 
The size of the PPAR mRNA was «7.0 kb. which is larger 
than initially reported (11) but the same as that found in other 
mouse tissues (unpublished observations) and in the rat (31). 
A second PPAR, Nuc-1 (29), was induced as well. The cells 
were also found to express the a. 0. and y subtypes of RXR 
(Fig. 4C). RXRo mRNA increased within 4 h after initiation 
of the standard differentiation protocol; this is the most rapid 
induction that has been demonstrated for any RXR and is one 
of the earliest molecular changes during adipose conversion. 
RXR y was also induced, although considerably later than 
RXRq. The size of the RXRy mRNA was «6 kb, which is 
larger than that previously reported (28) and raises the 
possibility that an unusual RXRy isoform is expressed in fat. 

RA Causes Apoptosis of Preadipocytes Cultured in Delipi- 
dated Medium. 3T3-L1 preadipocytes express RARa, -/3. and 
-y subtypes (unpublished data; see also ref. 32). However, 
while RA inhibited adipose conversion, it did not cause an 
appreciable phenotypic change in the cells cultured under 
usual conditions. Nevertheless, we were interested in the 
effects of RA on cells cultured in delipidated serum because 
i.m ; c /lAniotAH r»f rorinrtirU R<*markablv . the cells 
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Fic. 4. Induction of PPAR and RXR during adipose conversion. 
(A ) Comparison of molecular markers of adipose conversion induced 
by PPAR activators and standard conditions. Northern blot analysis 
of aP2, C/EBPa. and actin mRNA during differentiation by 1BMX, 
Dex. FCS. and insulin (differentiation media) and WY-14,643 (0.45 
mM). (£) Induction of PPAR and Nuc-1. Differentiation by WY- 
14.643 (0.45 mM) and by differentiation medium. Fifteen micrograms 
of total RNA was used in WY-14.643 experiments, while 4 pg of 
polv(A)* RNA from cells differentiated by standard conditions was 
used. (C) Induction of RXR. Fifteen micrograms of total RNA per 
lane. Loading was judged equal by actin hybridization as well as 
ethidium bromide fluorescence of rRNA. 

developed cytoplasmic blebbing, vacuolization, and conden- 
sation within 3-4 days of exposure to RA (Fig. 5 C and £>). 
changes characteristic of cells undergoing apoptosis (33). 
Quantitatively, viable cell number was decreased by >90% 5 
days after exposure to RA (Fig. 5£). Fig. SF shows that 
Chromosomal DNA from the dying cells displayed the peri- 
odic (^200 bo) fragmentation pattern frequently seen in 
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Fig. 5. RA induces apoptosis of prcadipocyics cultured in de- 
lipidated serum. (A-D) Morphological changes in RA-treated cells. 
Cells were cultured for 3 days [A and C) and 4 days (B and Z» in 
delipidated scrum-containing media. In C and D, RA was present for 
the first 48 h. (£) Cell death due to RA. Cell number after incubation 
in delipidated serum-containing medium in the presence or a*«5 ncc 
of RA, normalized to cell number at day 0. (F) Chromosomal DNA 
fragmentation induced by RA. Cells were cultured in delipidated 
serum-containing medium for up to 5 days, with 10 mM RA added lor 
the first 48 h (lanes 2 and 3). Lanes: 1. 5 days, no RA; 2. 4 days, plus 
RA- 3, 5 days, plus RA. Little genomic DNA is seen in lane 1 because 
the method used selected for fragmented DNA, which was nearly 
absent in these growing cells. Migration of DNA size markers is 
shown on the right. Numbers on left are bp. 

apoptosis (compare lanes 1 and 3). The ED50 for induction of 
apoptosis by RA was ~0.5 /xM. 9-crs-RA, a ligand for RAR 
as well as RXR, had similar effects (data not shown). 

DISCUSSION 

The effects of incubation in delipidated serum reveal that 
usual culture conditions constrain the 3T3-L1 preadipocyte in 
a state that is intermediate between proliferative and termi- 
nally differentiated cells. Since this is prevented by activators 
of PPAR, we speculate that the delipidation process might 
have removed an endogenous activator of PPAR, perhaps the 
PPAR ligand itself. The correlation between the potency of 
PPAR activators and their abUities to induce adipose con- 
version further suggests that PPAR is mechanistically in- 
volved. Nevertheless, PPAR is also expressed in a variety of 
nonadipose tissues where il undoubtedly mediates other 
effects. 

The simultaneous induction of PPAR and the accumulation 
of lipid within the adipocyte might serve to maintain the 
adipocyte phenotype, since PPAR is activated by fatty acids 
(13, 22, 23). Indeed, adipose-specific transcription of the aP2 
gene is stimulated by fatty acids (34). During adipose con- 
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in the heterodimer form. The main RXR partner is likely to 
vary during the course of differentiation since RXRo is 
rapidly induced, while RXR? is induced to an even greater 
extent at later times. Understanding the role of endogenous 
activators of PPAR, RXR, and RAR in regulating adipocyte 
differentiation may allow the rational design of agents to 
prevent and treat obesity. 

The preadipocyte cultured in delipidated serum displays a 
remarkable susceptibility to RA-induced cell death by apo- 
ptosis. It is known that RA sets in motion complex differen- 
tiation programs involving programmed ceil death, such as 
limb development (35), and some HL-60 leukemic cells Ac 
via apoptosis after being induced to differentiate by RA (36). 
The present report provides an example of RA-induced 
apoptosis of a clonal, dividing cell population. It is of interest 
that 9-cw-RA also causes apoptosis of the preadipocytes, 
whereas it protects T cells from a similar fate (37). Relatively 
high concentrations of RA are required for induction of 
apoptosis in preadipocytes, suggesting that the RA may be 
acting via conversion to other retinoids. Nevertheless, the 
concentrations of RA that caused apoptosis were not toxic to 
adipocytes or to preadipocytes cultured in normal serum. It 
is possible that RA induces gene products that prevent 
differentiation in the presence of PPAR activators but are 
deleterious to cells cultured in delipidated serum. In any 
case, the diverse effects of RA on cells cultured in the 
absence and presence of PPAR activators indicate that con- 
vergence of these two nuclear receptor-mediated pathways 
regulates the fate of the preadipocyte. 
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Fibrates are widely used hypolipidemic drugs that 
act by modulating the expression of genes involved 
in lipid and lipoprotein metabolism. Whereas the 
activation of gene transcription by fibrates occurs 
via the nuclear receptor peroxisome prol'rferator- 
activated receptor- a (PPAfia) interacting with re- 
sponse elements consisting of a direct repeat of 
the AGGTCA motif spaced by one nucleotide (DR1), 
the mechanisms of negative gene regulation by 
fibrates and PPARa are largely unknown. In the 
present study, we demonstrate that fibrates induce 
the expression of the nuclear receptor Rev-erba, a 
negative regulator of gene transcription. Fibrates 
increase Rev-erba mRNA levels both in primary 
human hepatocytes and in HepG2 hepatoblastoma 
ceils. In HepG2 cells, fibrates furthermore Induce 
Rev-erba protein synthesis rates. Transfection 
studies with reporter constructs driven by the hu- 
man Rev-erba promoter revealed that fibrates in- 
duce Rev-erba expression at the transcriptional 
level via PPARcr. Site-directed mutagenesis exper- 
iments identified a PPAR response element that 

coincides with the previously identified Rev-erba 

i 
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negative autoregulatory Rev-DR2 element. Elec- 
tro mobility shift assay experiments indicated that 
PPARcr binds as heterodimer with 9-c/s-retinoic 
acid receptor to a subset of DR2 elements 5' 
flanked by .an A/T-rich sequence such as In the 
Rev-DR2. PPARo and Rev-erba bind with similar 
affinities to the Rev-DR2 site. In conclusion, these 
data demonstrate human Rev-erba as a PPARa 
target gene and Identify a subset of DR2 sites as 
novel PPARa response elements. Finally, the 
PPARcr and Rev-erba signaling pathways cross- 
talk through competition for binding to those re- 
sponse elements. (Molecular Endocrinology 13: 
400-409, 1999) 



INTRODUCTION 

Fibrates are hypolipidemic drugs that lower plasma 
cholesterol and triglycerides (1). Fibrates exert their 
effects primarily via the liver by regulating the expres- 
sion of several genes implicated in lipid metabolism. 
On the one hand, fibrates stimulate the expression of 
the human apo A-l (2), rat lipoprotein lipase (3), rat 
acyl-CoA synthetase (4), rat acyl-CoA oxidase (5), rat 
multifunctional enzyme (6}, and human muscle-type 
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carnitine palmitoyltransferase I (7) genes in the liver. 
On the other hand, fibrates repress the expression of 
the rat apo A-l (8), rat apo A-IV (9), human, rat, and 
mouse apo C-lll (10-13), rat hepatic lipase (14), and rat 
lecithin-cholesterol acyl transferase (15) genes in the 
liver. Fibrates have been shown to activate specific 
receptors, termed peroxisome proliferator-activated 
receptors (PPARs), belonging to the nuclear receptor 
gene superfamily (16-18). So far, three different PPAR 
forms, a, 0(6), and 7, have been identified, of which the 
PPARa form mediates the effects of fibrates on liver 
gene expression (13, 19). After activation, PPARs het- 
erodimerize with the 9-c/s-retinoic acid receptor (RXR) 
and subsequently bind to DNA on specific response 
elements termed peroxisome proliferator response el- 
ements (PPRE). located in regulatory regions of target 
genes, thereby modulating their transcriptional activ- 
ity. All PPREs identified so far consist of the Juxtapo- 
sition of two derivatives of the canonical hexamer se- 
quence PuGGTCA spaced by one nucleotide and 
commonly called direct repeat 1 (DR1). 

Whereas PPARa mediates fibrate action on lipopro- 
tein metabolism through PPREs identified in the reg- 
ulatory sequences of positively regulated genes, the 
mechanisms of negative gene regulation by fibrates 
are unclear. Studies using PPARa knockout mice 
demonstrated that PPARa is a mediator of the nega- 
tive regulation by fibrates, at least with respect to the 
mouse apo A-l and apo C-lll genes (13). Fibrates may 
repress transcription by interfering negatively with the 
expression and activity of positive transcription fac- 
tors, such as hepatocyte nuclear factor-4 (HNF-4) (11, 
20). However, not all fibrate- regulated genes are under 
transcriptional control by HNF-4. For instance, al- 
though fibrates repress rat apo A-l gene transcription, 
HNF-4 is not considered to be a major regulator of apo 
A-l gene transcription (21, 22). Alternatively, fibrates 
may actively repress transcription by activating a neg- 
ative transcription factor. Interestingly, we recently 
identified in the rat apo A-l gene promoter a response 
element for the nuclear receptor Rev-erba, an orphan 
receptor of the nuclear receptor family that acts as a 
negative transcription factor (23). Furthermore, we 
have shown that Rev-erba gene expression is induced 
by fibrates in rat liver, indicating that Rev-erba may be 
a mediator of negative gene transcription by fibrates. 

The goal of the present study was to determine 
whether fibrates also regulate human Rev-erba ex- 
pression and to investigate the molecular mechanisms 
involved. Our results demonstrate that fibrates in- 
crease Rev-erba expression in human hepatocytes 
and in HepG2 cells. Furthermore, we show that the 
Induction of Rev-erba gene expression occurs at the 
transcriptional level In hepatocytes and is mediated by 
PPARa. Finally, we demonstrate that PPARa binds to 
a DR2 site coinciding with the Rev-DR2 site in the 
human Rev-erba promoter (24), which constitutes a 
novel PPARa response element mediating a cross-talk 
between the PPARa and Rev-erba pathways. 



RESULTS 

Fibrates increase Rev-ertm mRNA Expression 
and Protein Synthesis in Human Liver Cells 

The regulation of Rev-erba by fibrates was analyzed 
in human primary hepatocytes. Treatment of cells 
with fenofibric acid or Wy 14,643 induced a pro- 
nounced increase of Rev-erba mRNA levels, 
whereas control 36B4 mRNA levels did not change 
(Fig. 1 A). In addition, in HepG2 cells treatment with 
Wy 14,643 increased Rev-erba mRNA levels in a 
dose-dependent fashion (Fig. 1B). To analyze 
whether the induction of Rev-erba mRNA by fibrates 
is associated with increased synthesis of Rev-erba 
protein, HepG2 cells were cultured for 24 h in the 
presence of Wy 14,643 or vehicle, labeled with 35 S- 
methionine, and Rev-erba was subsequently immu- 
noprecipitated. Compared with control, treatment 
with Wy 14,643 resulted in a significant increase in 
Rev-erba protein synthesis (Fig. 1C). By contrast, as 
a control, apolipoprotein E secretion was not influ- 
enced by fibrate treatment (data not shown). These 
experiments demonstrate that fibrates Increase 
Rev-erba mRNA levels as well as protein synthesis 
in human hepatocytes. 

Fibrate Induction of Rev-erba Gene Expression 
Occurs at the Transcriptional Level via PPARa 
Interacting with the Rev-DR2 Site of the Human 
Rev-erba Promoter 

To investigate whether the effect of fibrates on Rev- 
erba expression occurred at the transcriptional 
level, the 1 .7 kb containing Rev-erba promoter was 
transiently transfected in HepG2 cells in the pres- 
ence of a human PPARa expression vector 
(pSGShPPARa) or empty vector (pSG5) (Fig. 2A). 
Rev-erba promoter-driven luciferase activity In- 
creased significantly after cotransfectlon with 
PPARa, an effect that was increased in the presence 
of fenofibric acid (Fig. 2A), indicating that Rev-erba 
gene transcription is increased by PPARa. Two pu- 
tative nuclear receptor-binding sites containing 
AGGTCA-Hke motifs were previously identified in the 
human Rev-erba promoter and called distal (Rd) and 
proximal sites (Rp) (24). To delineate whether one of 
these putative binding sites mediated PPARa trans- 
activation, unilateral deletion and site- directed mu- 
tagenesis experiments were performed. Hence, a 
0.7-kb S'-deletion of the Rev-erba promoter con- 
taining only the Rp site was transfected in the pres- 
ence or absence of human PPARa (Fig. 2A). This 
deleted Rev-erba promoter construct was induced 
by PPARa. Since both the 1.7-kb and 0.7-kb Rev- 
erba promoter constructs responded to the same 
extent to PPARa, we hypothesized the existence of 
a PPRE located near the Rp site of the human Rev- 
erba promoter (24). Thus, to determine the role of 
this site in the transcriptional regulation of Rev-erba 
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Fig. 1. Fibrates Increase Rev-erba mRNA Expression and Protein Synthesis In Primary Human Hepatocytes and HepG2 Cells 
Total RNA (10 *i.g) was subjected to Northern blot analysis using hRev-erba (top pane!) or 36B4 (bottom panel} cDNA probes 
as described in Materials and Methods. A, Human hepatocytes were isolated and treated for 24 h with 100 pM fenofibric acid, 50 
jim Wy 14,643, or vehicle (DMSO). B, Hep<52 cells were treated for 24 h with increasing concentrations of Wy 14,643 (0, 10, 50, 
1 00. 1 50. 200, 250. 500 mm). C, HepG2 cells were treated for 24 h with 500 ^iw Wy 1 4,643 or DMSO. Left, RNA analysis from the 
same plates used for immunoprecipitation experiments. Right, Cell lysates were subjected to immunoprecipitation using serum 
depleted of anti-Rev-erba antibody (A83 ads) or polyclonal anti-Rev-erba antibody (A83 spe) as described in Materials and 
Methods. 



by PPARo, we explored the influence of PPARa on 
various mutations around this region (Fig. 2A). Mu- 
tations affecting either the 5'-AGGTCA motif 
(pGL2hRev-erba A) or the A/T-rich region 
(pGL2hRev-erba CCC) of the Rp site resulted not 
only in a loss of Rev-erba promoter inductibility by 
PPARa. but also in an increase in baseline reporter 
activity (Fig. 2A). These results indicate that the 
PPARa response element coiocalizes with the prox- 
imal Rev-erba binding site, referred to as Rev-DR2 
(24). 

To ascertain that the Rev-DR2 site could function 
as a PPAR-responsive element, we performed tran- 



sient transfection experiments using wild-type and 
mutated versions of the Rev-DR2 site cloned in front 
of the heterologous SV40 promoter (Rev-DR2 SV40, 
M5'Rev-DR2 SV40, and M3'Rev-DR2 SV40) (Fig. 
2B). Upon cotransfection with pSGShPPARa in 
HepG2 ceils, it was evident that the Rev-DR2 could 
transmit PPARa responsiveness to the heterologous 
SV40 promoter, an effect that was enhanced in the 
presence of fenofibric acid. By contrast, PPARa did 
not activate the SV40 promoter. Furthermore, 
PPARa did not induce the activity of the SV40 pro- 
moter driven by the Rev-DR2 site mutated in its 
5'-half-srte (Fig. 2B), confirming the importance of 
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Fig. 2. Fibrate Induction of Rev-erba Gene Expression Occurs at the Transcriptional Level via PPARo Interacting with the 
Rev-DR2 Site of the Human Rev-erba Promoter Cf > fc 

A. Effects of PPARa on the expression of human Rev-erba promoter containing a wild-type or mutated Rev-DRZ. trrecrs 
of PPARa on wild-type or mutated human Rev-erba Rev-DR2 cloned in two copies upstream of the heterologous SV4C jP«mo*- 
Luc tiiciferase reporter qene HepG2 cells were transfected with the indicated reporter constructs, in the presence of cotrans- 
fec^edpS 

was measured as described in Materials and Methods. The Rev-DR2 half-site direct repeat sequences are to*^*"^ 
Rd and Rp putative nuclear receptor-binding sites are shown as solid and shaded boxes, respectively. The mutated nucleotides 
in the Rp site are underlined. 



this motif in the structure of the PPARa-responsive 
element. Interestingly, mutation of the 3 '-half-site of 
the DR2 also abolished transactivation by PPARa 
(Fig. 2B). indicating that the 3'-AGGTCA half-site is 
also implicated in mediating induction of human 
Rev-erba gene transcription by PPARa. Taken to- 
gether, these data strongly argue that the human 
Rev-erba promoter contains a bona fide PPAR-re- 
sponsive element that coincides with the Rev-DR2 
site, which is Constituted of two AGGTCA motifs 
separated by two nucleotides (DR2) and S'-flanked 
by an A/t-rtch region (Rev-DR2). 



PPAR Binds as a Heterodimer with RXR to a DR2 
Site Containing an A/T-Rich 5'-Ftanklng Region, 
but Not to a Standard DR2 Site . 

To investigate direct interaction of PPARa with the 
Rev-DR2 site, we performed electromobility shift as- 
says (EMSAs) using in vitro synthesized PPARa and 
RXRa protein. RXRa or PPARa alone did not bind to 
the Rev-DR2 site oligonucleotides (F»9- 3B, lanes 
10-12 and 14 and lanes 15-17 and 19). Furthermore, 
PPARa did not bind to an oligonucleotide containing a 
monomer binding site for Rev-erba (G8A) (Fig. 3B, lane 
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Rg. 3- PPARa Binds as a Heterodimer with RXRo to a DR2 Sit© Containing an A/T-Rich 5'-Ranking Region, but Not to a 
Standard DR2 Site 

A, Sequences of the different response elements used as probes or as competitors. The 5 '-flanking A/T-rich region and half-site 
sequences are indicated. The mutated sequences are underlined. B, Gel retardation assays were performed on the indicated 
end-labeled oligonucleotides in the presence of in vitro translated hPPARa and mRXRa or unprogrammed lysate (Unprog. L) 
(B-E). Competition experiments for binding of PPARo/RXRcr to the human Rev-erba promoter Rev-DR2 (prom Rev-DR2) (C) or 
consensus Rev-DR2 (cons Rev-DR2) (D) and (E) oligonucleotides were performed with 1 0- and 1 00-fold molar excess of indicated 
cold oligonucleotide. PPAR/RXR heterodimer or Rev-erba complexes are indicated by arrows. 



18) (24), indicating that PPARa cannot bind as a 
monomer. By contrast, binding was observed when 
PPARa was incubated in the presence of RXR with the 
Rev-erba promoter Rev-DR2 as we!! as the consensus 
Rev-DR2 sites (direct repetition of the AGGTCA motif 
separated by two nucleotides), which both contain an 
A/T-rich region at their 5'-extremities (Fig. 3B, lanes 5 
and 9). This binding was specific since it was com- 
peted out by excess of unlabeled oligonucleotide (Fig. 
3, panel C, lanes 4-8, and panel D, lanes 4-8). 



Next, we characterized the structural requirements 
for PPAR/RXR binding by performing competition EM- 
SAs on the promoter (Rg. 3C) as well as on the con- 
sensus <Fig. 3D) oligonucleotides. PPAR/RXR binding 
to wild-type promoter Rev-DR2 (Rg. 3C, lane 4) or to 
consensus Rev-DR2 (Fig. 3D, lane 4) oligonucleotides 
could not be competed either by the promoter Rev- 
DR2 site carrying a mutation In the 5 r -haJf-site (M5') 
(24) or in the 3'-ha!f-site (M3') (Fig. 3, C and D, lanes 9, 
11, and 12). Interestingly, at high excess (100-fold) of 
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competitor, the 3 '-half-site-mutated oligonucleotide 
started competing for PPAR/RXR binding, indicating 
that the 3'-part of the Rev-DR2 site is of lesser impor- 
tance (Fig. 3, C and D, lane 10). Similar results were 
obtained with an oligonucleotide containing the pro- 
moter Rev-DR2 site completely lacking the second 
half-site (1/2A) (Fig. 3, C and D, lanes 13 and 14), 
whereas an oligonucleotide lacking the promoter Rev- 
DR2 A/T-rich sequence and 5'-hatf-site (1/2B) did not 
compete at all (Fig. 3. C and D, lanes 15 and 1 6). These 
results indicate that 5'- and 3'-half-sites are both im- 
plicated in PPAR/RXR binding, with the 5'-half-site, to 
which PPARq presumably binds (25), being most 
important. 

To investigate the role of the 5'-A/T-rich flanking 
sequence in PPAR/RXR binding to a DR2 site, com- 
petition experiments were performed with oligonucle- 
otides in which the 5'-flanking sequence was substi- 
tuted by C nucleotides (9-11 C and 7-9C; Fig. 3A). 
Neither 9-1 1C nor 7-9C oligonucleotides competed 
for PPAR/RXR binding to the consensus Rev-DR2 se- 
quence (Fig. 3E), indicating absolute requirement of 
the 5' -A/T-rich flanking sequence for PPAR/RXR bind- 
ing to a DR2 site. 

To ensure that Rev-DR2 sites are high-affinity re- 
sponse elements for PPARa, we compared the relative 
affinities of PPAR/RXR binding to either DR1 or Rev- 
DR2 sites by competition EMSA (Fig. 4). Using oligo- 
nucleotides labeled to similar specific activities and 
under identical experimental conditions, a higher in- 
tensity shift with PPAR/RXR was obtained on the Rev- 
DR2 oligonucleotide compared with the naturally oc- 
curring DR1 PPRE site of the human apo A-ll 
promoter, which has been shown to drive its regulation 
by fibrates (26) (Fig. 4, lanes 1 and 10). When increas- 
ing amounts of unlabeled oligonucleotide were added, 
cold Rev-DR2 oligonucleotide competed more effi- 
ciently than cold DR1 oligonucleotide for binding of 
PPAR/RXR to the Rev-DR2 site (Fig. 4, lanes 2-5 and 
6-9). Reciprocally, binding of PPAR/RXR to labeled 
DR1 oligonucleotide was more rapidly competed by 



PPAR/RXR 




prom Rev-DR2 DR1 



Fig. 4. PPAR a Binds with Similar Affinities to Natural DR2 
and DR1 PPAR Response Element 

Gel retardation assays were performed on end-labeted 
RevOR2 (prom Rev-DR2) and apo A-ll PPRE DR1 oligonu- 
cleotides (29) in the presence of in vHro transcribed/trans- 
lated PPARa and RXRa protein. Competition experiments 
were performed by adding 1-, 5-. 10-, and 50-fold molar 
excess of indicated oligonucleotide. 
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cold Rev-DR2 than by cold DR1 oligonucleotide (Fig. 
4, lanes 11-14 and 15-18). 

These binding experiments demonstrate that 
PPARa binds as a heterodimer with RXR. but not as 
monomer, to DR2 sites containing a Rev-erba-type 
5'-fIanking region and that Rev-DR2 constitutes a 
novel PPARa-binding site of higher affinity than the 
natural apo A-ll DR1 PPRE site. 

Rev-DR2 Mediates a Cross-Talk between PPARa 
and Rev-erba 

To test directly whether PPARa and Rev-erba could 
functionally compete on a Rev-DR2 element, transient 
cotransfection experiments were performed. As ex- 
pected, Rev-erba was able to repress Rev-DR2-driven 
SV40 promoter activity (24) (Fig. 5A). Cotransfection of 
PPARa in increasing proportions against a constant 
amount ol Rev-erba led to a progressive abolishment 
of Rev-erbo-mediated repression resulting in a tran- 
scriptional activation of the reporter gene at a 3:2 ratio 
of PPARa to Rev-erba, respectively, as evidenced by 
Western blot analysis of transfected cell extracts (Fig. 
5A and inset). Furthermore, in the absence of cotran- 
fected Rev-erba, reporter transcription activity was 
even further enhanced by PPARa (Fig. 5A). Thus, 
PPARa and Rev-erba are able to functionally cross- 
compete for the same Rev-DR2 element. 

Finally, to estimate the relative affinities of PPAR/ 
RXR and Rev-erba binding to a Rev-OR2 site, EMSAs 
were performed using Rev-DR2 as probe (Fig. 5B). As 
expected. PPAR/RXR formed a heterodimeric com- 
plex whereas Rev-erba bound both as monomer and 
as heterodimer (Fig. SB, lanes 1 and 6). When com- 
petition was performed using cold Rev-DR2 oligonu- 
cleotide, PPAR/RXR binding decreased in a manner 
similar to Rev-erba monomer (Fig. SB, compare lanes 
2-5 and 7-10). However, Rev-erba homodimer bind- 
ing appeared slightly more sensitive to competition 
with unlabeled Rev-DR2 (Fig. 5B, lanes 7-10). Arto- 
gether, these results indicate that PPAR/RXR binds to 
Rev-DR2 sites with similar affinity as Rev-erba mono- 
mer, whereas Rev-erba homodimers appear to bind 
with higher affinity. 



DISCUSSION 

In the present report we studied the regulation of 
Rev-erba by fibrates in human liver cells and the mo- 
lecular mechanisms involved. Our results on human 
primary hepatocytes and RepG2 cells demonstrate 
that fibrates induce Rev-erba mRNA expression, an 
effect that is associated with induction of Rev-eitoa 
protein synthesis in HepG2 cells. In addition, transfec- 
tion studies revealed that the regulation of Rev-erba 
expression by fibrates occurs at the transcriptional 
level via PPARa. Using deleted and mutated Rev-erba 
promoter constructs, we localized the fibrate-respon- 
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Rg. 5. Rev-DR2 Mediates a Cross-Talk between PPARa and Rev-erba 

A, PPARa relieves the repressive activity of Rev-erba on Rev-DR2-driven transcription. HepG2 ceils were transfected with the 
Rev-DR2 SV40pGL2 reporter construct (Fig. 2B), in the presence of pSGShPPARa and/or pSG5hRev-erba expression vector. 
Increasing amounts of pSGShPPARa (0.5-fold. 1-fold. 1 .5-fold) were added to a constant amount of pSGShRev-erba. Cells were 
treated with fenofibric acid (FF) (10 /xm) or vehicle (DMSO), and iuciferase activities were measured as described In Materials and 
Methods and expressed relative to control set as 1. Proteins extracted from HepG2 cells transfected with Rev-erba and 1.5-fold 
excess of PPARa were analyzed by immunoblotting {inset). B, Competition experiments for binding of PPARo/RXRa or Reverba 
to the human Rev-erba promoter Rev-DR2 (prom Rev-DR2) oligonucleotide. Competition was performed with 5-, 10-, and 
50-fold molar excess of indicated cold oligonucleotide. PPAR/RXR heterodimer and Rev-erba monomer or homodimer com- 
plexes are indicated by arrows. 



sive region in the human Reverba promoter to the 
previously identified negative Rev-erba autoregulation 
site. Moreover, mutations in the Rev-DR2 site of the 
Rev-erba promoter abolished basal Rev-erba-medi- 
ated repression as well as PPARa-mediated activa- 
tion. EMSA experiments proved that fibrate signaling 
occurs through direct interaction of PPAR/RXR het- 
erodimers to the Rev-DR2 site of the human Rev-erba 
promoter. Since all PPREs described so far consist 
of the juxtaposition of the degenerated hexamer 
AGGTCA sequence separated by one nucleotide 
(DR1 ) (4, 6, 1 1 , 26-38), these results represent the first 
demonstration of a DR2 site as a PPAR-responsive 
element. Interestingly, a specific structure of the DR2 
is required for high-affinity PPAR/RXR binding. In ad- 
dition to the 5'- and 3' -AGGTCA half-sites, the 5'- 
fianking region is required for binding of PPAR/RXR to 
a DR2 site. Thus, several fundamental characteristics 
of protein-DNA interaction, such as the contact of the 
receptor with the5'-A/T-rich flanking sequences of the 
response element, are conserved among a number of 
the superfamily members. Taken together, our data 
suggest that nuclear receptors are more flexible for 
recognition of responsive elements than previously 
anticipated. 

Rev-erba belongs to a subfamily of orphan recep- 
tors that are repressors of target gene transcription 
(for review see Ref. 39). Rev-erba appears to be ubiq- 
uitously expressed (40, 41), but its functions are ill 
defined. Several observations suggest a role for Rev- 
erba in metabolic control and energy homeostasis. 



First, Rev-erba mRNA levels increase during differen- 
tiation of preadipocytes into adipocytes (42). Second, 
Rev-erba has been suggested to act as a modulator of 
thyroid hormone signaling (40, 41, 43, 44). Indeed, 
Rev-erba has been shown to bind a subset of thyroid 
hormone-response elements (45). Interestingly, a sig- 
nificant level of cross-talk exists also between perox- 
isome proliferator and thyroid hormone-signaling 
pathways (46-52). Our present data identify Rev-erba 
as a fibrate target gene and reveal the existence of 
cross-talk between the PPARa and Rev-erba-signal- 
ing pathways. This cross-talk is governed via two 
mechanisms (see Fig. 6 for overview). First, PPARa 
induces Rev-erba expression by interfering with the 
negative autoregulatory loop of Rev-erba expression 
via the Rev-DR2 site. Therefore, genes regulated by 
Rev-erba, such as t4-myc (53) and rat apo A-l (23), will 
be negatively regulated by PPARa via an indirect 
mechanism. Second, PPARa and Rev-erba may com- 
pete for binding to similar DR2 sites. Rev-erba Itself is 
an example of a gene containing a response element 
recognized by both PPARa and Rev-erba. Hence, tar- 
get genes containing Rev-DR2 sequences to which 
PPARa, as heterodimer with RXR, and Rev-erba com- 
pete for binding will be derepressed by fibrates. By 
contrast, genes carrying monomeric Rev-RE, to which 
Rev-erba binds exclusively as monomer, will be fur- 
ther repressed after fibrate treatment. Therefore, 
whether a gene will be predominantly regulated by 
PPARa or Rev-erba will depend on the relative levels 
of iigands for each receptor, the relative concentra- 
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Fig. 8. Scheme Describing the Mechanism Implicated in the 
Regulation of Rev-erba Expression by Fibrates 

It is conceivable that an equilibrium exists between induc- 
ible activation of the Rev-erba promoter by PPAR/RXR het- 
erodimer and its repression by Rev-erba. This allows a fine 
tuning of Rev-erba mRNA and protein levels and hence of 
Rev-erba target gene expression. 



tions of each receptor, and on the structure of the 
target gene DR2 sequence that determines the relative 
binding affinities of PPARa and Rev-erba. The fact 
that PPARa and Rev-erba bind to similar DR2 subset 
sites is most likely due to the similarity of their T/A 
boxes (25). which are involved in the recognition of the 
S'-half-site extension (24, 45, 54-56). Tnerefore, 
PPARa could repress genes by inducing Rev-erba 
while simultaneously activating Its own target genes 
via either DR1 or DR2 sites. 

In a previous study, we demonstrated that differ- 
ences between human and rat apo A-l gene regulation 
in response to fibrates are due to a combination of two 
distinct mechanisms implicating the nuclear receptors 
PPARa and Rev-erba (23). Our data indicated that the 
species-distinct regulation of apo A-l gene expression 
by fibrates is due to sequence differences in c/s-acting 
elements. In man, apo A-l transcription is induced via 
PPARa binding to a positive PPRE located in the A site 
footprint (2). This site is not conserved in rats, resulting 
in a lack of binding of PPAR to the rat apo A-l A 
promoter site. By contrast, rat apo A-l gene transcrip- 
tion is repressed by Rev-erba, the expression of which 
is induced by fibrates and which binds to a Rev-RE 
site adjacent to the TATA-box In the rat, but not in the 
human apo A-igene promoter. The identification of rat 
apo A-l as a target gene for Rev-erba suggests an 
implication of Rev-erba in lipoprotein metabolism (23). 
Although the rat apo A-l Rev-RE is not conserved in 
man, Rev-erba expression is controlled by fibrates 
both in rats and in man, which may point to a role for 
this nuclear receptor as a modulator in lipid and li- 
poprotein metabolism and possibly in atherosclerosis 
susceptibility in both species. It will be of interest, 
therefore. to Identify target genes involved in lipid me- 
tabolism that are also under control of Rev-erba in 
man. 



In conclusion, our data indicate that the human Rev- 
erba gene is regulated at the transcriptional level by 
fibrates in liver. Furthermore, this regulation is medi- 
ated by PPARa, which binds to a novel response 
element consisting of a S'-A/T-rich preceded DR2 se- 
quence. Finally, we provide evidence that PPARa and 
Rev-erba bind to the same regulatory site, indicating 
the existence of a cross-talk between PPARa and 
Rev-erbo-signaling pathways. 



MATERIALS AND METHODS 

Celt Culture 

Human hepatocytes. isolated by collagenase perfusion, and 
HepG2 cells were cultured exactly as descnbed previously 
(12). 

RNA Analysis 

RNA extraction and Northern Wot analysis were performed as 
described (3) using human Rev-erba (43) and human acidic 
ribosomal phosphoprotein 36B4 (57) cDNA probes. 

Construction of Recombinant Plasmids and 
Transaction 

Cloning of the human Rev-erba promoter fragments into 
pGL2 promotertess or SV40pGL2 reporter vectors ^mega^ 
Madison. Wl) and site-directed mutagenesis of Re y-^°Tf" 
sponse elements were as described (24). Hun^rr^patoma 
HepG2 cells were obtained from European Collection of An- 
imal Cell Culture (Porton Down, Salisbury, UK). Cells were 
grown In DMEM. supplemented with 2 ™ glutamjne jind 
10% (vol/vol) FCS. in a 5% C0 2 humidified ^rr^phere at 37 
C Stimuli were dissolved In dimethyisulfoxide (DMSO). Con- 
trol cells received vehicle only. All transections were per- 
formed with a mixture of plasmids containing reporter VjiQ) 
and expression vectors (0.3 to 1 ug). The luciferase activrtyin 
cell extracts was determined using a luciferase assay ^system 
fPromega) following the supplier's instruction. Transection 
experiments were performed in triplicate and repeated at 
least three times. 

in Vitro Translation and EMSAs 

pSGShPPARa, pSGSmRXRar, and pSGShRev-ert* were /n 
vitro transcribed with T7 polymerase and translated uslngwe 
rabbit reticulocyte lysate sytem (Promega). EMSAswrtn Rev- 
erba, PPARa, and/or RXRa were performed exactly as de- 
scribed previously (2, 58). For competition experiments, in- 
creasing amounts of indicated cold probe were added Just 
before the labeled oligonucleotide. The complexes were re- 
solved on 5% polyacrylamide gels In 0.25X TBE buffer(90 
mM Tris-borate, 2.5 mM EDTA, pH 8.3) at 4 C. Gete were dned 
and exposed overnight at -70 C to x-ray film (XOMAT-AR, 
Eastman Kodak, Rochester. NY). 

Coimrnunopreclp'rtation from Cell Extracts 

HepG2 cells incubated in DMEM + 0.2% BSA were treated 
with fenofibric acid (0.5 mM) or vehicle (DMSO) for 24 n. Ce«s 
were subsequently washed in PBS and incubated m metnn 
onine-free DMEM supplemented with ^-labeled n^th'onine 
(0.1 mCi/ml medium) for 5 h. Cells were lysed in 1 ml RIP* 
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buffer [20 mMTris, pH 7.5, 150 mM sodium chloride, 2 mM 
EDTA, 1% (wt/vol) sodium deoxycholate, 1% (vol/vol) Triton 
X-100, 0.25% (wtAfoj) SDS]. Lysates were centrifuged at 
100,000 x g for 30 min, and the supernatant was subse- 
quently incubated with polyclonal anti-Rev-erba antibody (S. 
Chopin-Delannoy and V. Laudet. manuscript in preparation) 
overnight at 4 C in RlPA buffer. Immune complexes were 
collected using protein A-Sepharose (Pharmacia, Piscat- 
away, NJ) and washed six times in RlPA buffer. Protein com- 
plexes were separated on 10% SDS-polyacrylamide gels 
under reducing conditions. Gels were dried and exposed at 
-70 C to BIOMAX-MS film (Kodak). 
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